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Preface  
Mesoporous architectures have proved to be of great advantage for energy storage and conversion, 
due to their unique attributes such as high surface area, tunable porosity, as well as rich interactions 
with guest species, which generally give rise to plentiful accessible active sites and easy mass/charge 
transfer. The pioneering discovery of mesoporous silicas in the 1990s began a search for new 
methodologies that were simple, inexpensive and scalable for technological applications. But the 
insulating nature of mesoporous silica limits its utility in electrochemical applications. 
Phosphorus-based materials, including metal-phosphates, phosphonates and phosphides, are a very 
appealing family of functional materials that are low-cost, non-toxic and widely sourced, which well 
serve the basic needs of economic, eco-friendly, and renewable energy related applications. The 
incorporation of mesostructure into phosphorus-based materials will definitely benefit from both 
structural superiority and intrinsic merits of the materials. Although numerous strategies have been 
developed to prepare silica-based mesoporous materials, the preparation of phosphorus-based 
mesoporous materials is more challenging. The rapid hydrolysis of inorganic precursors in the 
phosphonic acid medium and mismatch of charge density at the precursors/micelles interface 
generally make it difficult to maintain ordered mesophases. In this thesis, I mainly focus on the 
synthesis of phosphorus-based mesostructured/mesoporous materials with inexpensive and easy 
soft-templating method and examine their properties as porous electrodes in energy storage devices. 
Chapter 1 introduces recent advances in the synthesis of phosphorus-based mesoporous 
materials for energy storage and conversion. Chapter 2 demonstrates a facile synthesis of 
mesoporous Li1+xV1-xO2@C composites through a mild and low-cost soft-templating approach with 
P123, in which I have learned the basic knowledge of constructing mesoporous materials at the 
beginning of this thesis. Chapter 3 extends the above method to the fabrication of mesoporous 
vanadium phosphate (VOPO4) nanosheet using liquid crystals as soft template. Chapter 4 describes 
an easily reproducible synthetic strategy for the preparation of highly ordered mesostructured 
  
vanadium phosphonate in the presence of cationic surfactant cetyltrimethylammonium bromide 
(CTAB). This strategy is further developed to synthesize mesoporous/mesostructured manganese by 
changing the phosphoric acid linkage and metal source as well as other synthetic parameters such as 
pH, aging time and metal to phosphorus ratio, as described in Chapter 5. Finally, in Chapter 6, I 
summarize my research achievements in this thesis and present some prospective ideas.  
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Chapter 1. Introduction to Synthesis of 
Phosphorus-Based Mesoporous Materials toward 
Energy Storage and Conversion 
  
Chapter 1  
2 
 
1.1. General Introduction  
Alongside the rapid progress of social modernization and industrialization, humankind is facing a 
looming energy crisis. Preventing energy exhaustion and circumventing the environmental pollution 
are the most pressing problems. Thus, the need for clean and renewable energy sources is becoming 
impeccable. In this context, it is pertinent to mention that the utility of Li-ion batteries (LIBs), the 
most promising energy storage device in the present era, has revolutionized global communication 
through the wireless green energy resource in portable electronic equipment.
1-3
 Simultaneously, 
several categories of fuel cells such as proton exchange membrane fuel cells (PEMFC) and direct 
methanol fuel cells (DMFC) have come into use to satisfy the growing needs of energy in the 
day-to-day life. Oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) are very 
attractive electrochemical approaches to split water. While oxygen reduction reaction (ORR) is an 
important electrocatalytic process to produce water; all these fundamental electrocatalytic processes 
have considerable scientific and economic advantages as applied in those fuel cells.
4-7
 The 
performance of these devices depends intimately on the properties of materials. Several conventional 
compounds such as LiCoO2, LiFePO4, RuO2, IrO2 Pt/C, etc., are the most sought after electrode 
materials or catalysts in the industrial application of LIBs and fuel cells. However, the high-cost and 
scarce terrestrial resources of Li and noble metals are struggling to cater for the burgeoning demand 
for sustainable energy supply.
8-14
 Therefore, further advancements of the energy materials, i.e. 
developing novel compositions that are less expensive and more abundant, or engineering innovative 
architectures in the established materials, hold the key to new generations of sustainable and 
affordable energy supply systems. 
Introducing porosity is generally acknowledged as a highly efficacious tactic to impart specific 
functionalities to the targeted materials.
15
 Nanoporous solids, covering multiple levels of porosity 
from micro- (<2 nm), meso- (2–50 nm) to macropores (>50 nm), are of academic and industrial 
significance due to their ability to accommodate and interact with mobile guest species (e.g., atoms, 
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ions, molecules) throughout the internal and external space.
16, 17
 Mesoporous materials hold a 
particularly important position in the nanoporous family by virtue of their high surface area, large 
void space and tunable pore sizes, which endue them with diverse utilities in a number of 
applications, spanning sensors, adsorption/separation, catalysis, biotechnology, to energy storage and 
conversion.
18-24
 Since their debut in 1990s, periodic mesoporous silicas and organosilicas (PMSs, 
PMOs) have been two of the most extensively studied mesoporous compositions.
25-28
 Nevertheless, 
apart from the high cost and limited options for organosilane coupling molecules, the insulating 
nature of the PMSs and PMOs significantly restricts their use in many frontier domains, particularly 
energy storage and conversion. Therefore, the development of non-siliceous mesoporous materials 
that have diverse chemistry and functionality is advantageous.
29-31
  
Phosphorus-based materials, mainly metal-phosphates, phosphonates and phosphides, have 
constituted a prominent and intriguing family amongst the non-siliceous community owing to their 
plenty of unique properties. Metal phosphates have long received significant attention as active 
catalyst because of their bifunctional signature (solid acid and redox feature).
32-34
 Many transition 
metal phosphates (Zr, V, Mn, Ni, etc.) are apt to form layered structure with open framework, where 
the protons of acid groups can diffuse through the interlamellar region, thereby rendering them as 
good protonic conductor and intercalating agent.
35-37
 In addition, the variable oxidation states of the 
metal species could greatly enrich their redox behaviour. This is particularly favourable when applied 
to energy storage devices such as LIBs and supercapacitors. Metal phosphates-based electrode 
materials that show desirable electrochemical performance at beneficial redox potentials is of timely 
importance, as they enjoy distinct safety advantages over the more widely used metal oxides.
38, 39
 
Metal phosphonates are another class of promising non-siliceous hybrid materials designed by fusing 
metal joints with phosphonic linkers at molecular scale.
40, 41
 Phosphonic acids and derivates have 
excellent affinity toward various metals ions, and the linkage between organic and inorganic moieties 
involve the formation of P-O-M (M = metal) bonds. Their chemical and thermal stability have been 
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well documented.
42, 43
 The diversity of phosphorus chemistry allows facile tailoring of functionality 
via incorporating desired functional groups. And as such, the most fascinating feature of metal 
phosphonates is their almost infinite function tunability by modulation of both metal and phosphonic 
constituents, which is deemed to substantially broaden their practical applicability.
44-48
 Metal 
phosphides represent another extraordinary class of phosphorus-based materials composed of 
phosphorus and metal elements. The bonding between transition metal and phosphorus elements 
often can be viewed as metallic. Thanks to the fantastic combination of their metalloid and ceramic 
features, metal phosphides are gifted with good heat and electric conductivity, high mechanical 
strength, as well as chemical and thermal stability.
49-52
 Lately, transition metal phosphides have 
distinguished themselves as emerging non-precious electrocatalyst for advanced energy technologies 
such as water splitting, exhibiting brilliant catalytic activity and long-term stability that even rival 
those traditional noble metal catalysts.
8, 53-55
  
Beyond the above mentioned, phosphorus-based materials are generally characterized by low 
cost, abundant reserves, and non-toxicity, all of which will fit the essential requirements for 
economical, renewable and eco-friendly energy supply system. The introduction of mesoporosity 
into phosphorus-based materials is capable of opening up new possibilities and further realizing their 
potential in energy-related applications.
17, 23, 56-58
 While the high surface area of the host materials 
can provide abundant reaction active sites, the large pore volume affords a high infiltration capacity 
for electrolyte. This ensures the transport of sufficient ions/solvent to the active sites. More 
importantly, the interconnected mesopores with thin pore walls can cooperatively furnish short/easy 
pathways for both electron transfer and ion diffusion. Besides, the void space can serve as an 
effective volume expansion buffer in some cases. While the opportunities abound, the synthesis of 
phosphorus-based mesoporous materials still remains a perpetual challenge. Despite the success 
achieved for soft-templating synthesis of mesoporous siliceous materials, the direct implementation 
of this method to phosphorus-based materials turns out to be problematic. Most phosphorus-based 
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precursors are more susceptible than the silica-based, and their hydrolysis and condensation 
processes are generally difficult to control.
29, 30, 41, 59
  
 
 
Scheme 1.1 Illustration of phosphorus-based mesoporous materials for energy storage and 
conversion. 
 
The combination of mesostructure with phosphorus-based materials is supposed to benefit from 
both structural superiority and intrinsic merits of the materials (Scheme 1). Such fascinating design 
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has motivated intensive research work on the synthesis and applications of phosphorus-based 
mesoporous materials. In this chapter, I present a brief summary of recent advances in 
phosphorus-based mesoporous materials for energy storage and conversion, including 
metal-phosphates, phosphonates and phosphides. Those materials applied beyond the energy field are 
not included. The discussion is divided into three sections by different synthetic approaches (i.e. 
soft-template, hard-template, and template-free). Their applications cover various promising energy 
technologies, such as LIBs, supercapacitors, fuel cells, water splitting, biofuel production, CO2 
conversion, etc.  
 
1.2. Soft-Templating Synthesis and Application 
Soft-templating method is a widely accepted avenue for introducing mesostructure into 
phosphate/phosphonate materials, featuring organic-inorganic assembly combined with sol-gel 
and/or hydrothermal processes by using various (ionic/nonionic) surfactants as structure-directing 
agents. The mesostructures vary with the synthetic composition, temperature, and pH. Firstly, 
motivated by Coulombic force, ion pairs tend to form between polydentate and polycharged 
inorganic (phosphate)/organic-inorganic hybrid (phosphonate) species on the one hand and the 
surfactant on the other. The self-organization of ion pairs could induce the formation of ordered 
mesophase (i.e., hexagonal, cubic, or lamellar). Eventually, a rigid framework forms with further 
condensation of the inorganic/organic-inorganic hybrid species. After removing the template by 
calcination/solvent extraction, the phosphate/phosphonate materials with accessible mesopores can 
be obtained (Figure 1.1a). In the presence of neutral surfactants, hydrogen bonding instead of 
electrostatic interactions becomes critical. In any case, suitable interactions between surfactants and 
precursor species are holding sway over the co-organization process for the formation of ordered 
mesostructure.
28, 60-62
 Benefiting from the versatility and flexibility of soft-templating strategies, a 
wide variety of phosphorus-based materials with elegant mesostructure and diversified morphologies 
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have been successfully synthesized and applied to the realm of energy storage and conversion.  
 
 
Figure 1.1 Representative schematic illustrations of (a) soft-templating method and (b) 
hard-templating method. 
 
 
Figure 1.2 (a) SAXS pattern measured for a solution of Fe(OA)3 and TDPA dissolved in ODE 
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without any precipitation. The test was done at room temperature. (b) TEM image of the as‐
prepared sample with an ordered mesoporous structure. (c–e) Schematic illustration of the formation 
of the 2D assembled cylindrical micelles. (c) Dipole formation inside each micelle consisting of 
amphiphilic Fe(OA)3 and TDPA molecules in ODE. (d) Linear arrangement of the cylindrical 
micelles with their long axes aligned parallel to each other through dipole–dipole interactions. (e) 2D 
assembly of cylindrical micelles. Reproduced with permission.
66
 Copyright 2014, Wiley-VCH.  
 
Stimulated by the pioneering research of Prosini et al.,
39
 various lithium-free metal phosphates 
have been assessed as potential electrode candidates for LIBs. In 2004, ordered mesoporous tin 
phosphate/crystalline tin(II) pyrophosphate (Sn2P2O7) composite was prepared using 
cetyltrimethylammonium bromide (CTAB) as a structure-directing agent and reported as a novel 
anode material.
63
 The incorporated mesostructure served as a buffer to relieve the volume variation 
upon lithiation/delithiation, which greatly enhanced the structural stability and electrochemical 
performance of the electrode. Later, mesoporous FePO4 electrodes were consecutively synthesized 
with the aid of CTAB or block polymer P123, though lack of ordering.
64, 65
 In 2014, a series of 
two-dimensional (2D) ultrathin nanoflakes of amorphous metal phosphates (Mn3(PO4)2, Co3(PO4)2, 
and FePO4) with highly ordered mesoporous structure were fabricated in a nonpolar 1-octadecene 
medium, using tetradecylphosphonic acid (TDPA) as both reactant and structure-directing agent 
(Figure 1.2).
66
 It was speculated that the ordered mesostructure was derived from the assembly of 
composite micelles comprising TDPA and M(OA)x (M = Mn, Co, Fe) driven by dipole interactions. 
The low-temperature vacuum calcination in a protective atmosphere is pivotal for maintaining the 
ordered mesoporous structure with an average pore diameter of 2.5 nm after removing the template. 
The typical FePO4 sample exhibited remarkable high-rate performance and stability when used as a 
cathode for LIBs. Recently, ordered mesoporous tin phosphate (SnP2O7) with unique nanocrystalline 
framework and large pore diameter (7.4 nm) was prepared in an ethanol-water mixed medium in the 
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presence of a block copolymer (F127) (Figure 1.3).
67
 The proper selection of solvent, as well as 
suitable H-bonding interactions with the aid of HF, have played a leading role in the formation of 
hexagonally ordered mesophase. The highly electronegative and small-sized fluorine anion has 
significantly strengthened the effective H-bonding interaction, which facilitates the stabilization of 
self-organization process. Removing the template while preserving the ordered mesostructure is 
realized by a two-step annealing treatment. The obtained material not only shows exciting potential 
as anode for LIBs, when hybridized with thin layers of graphene oxide, the composite also exhibits 
impressive electrocatalytic performance for ORR.
68
  
 
 
Figure 1.3 (a) Low-angle XRD patterns of the as-prepared SnPi (SnPi-A), carbonized SnPi after the 
first heat treatment (SnPi-C), and ordered mesoporous SnPi (SnPi-P) after complete removal of the 
F127 template. (b) TEM image of 2D-hexagonally ordered SnPi-P (inset: the selected- area FFT 
pattern of the hexagonal arrangement of pores), (c) wide-angle XRD patterns of SnPi-B and SnPi-P: 
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green lines show the experimental data, red lines show the simulated XRD patterns, and the blue 
lines show the difference between the experimental and the stimulated XRD patterns, and (d) the 
obtained crystal structure of SnPi. Reproduced with permission.
67
 Copyright 2016, The Royal 
Society of Chemistry.  
 
In early 2005, mesoporous zirconium-titanium phosphate (ZTP) materials were synthesized 
using octadecyltrimethylammonium chloride (C18TMACl) at room temperature.
69
 Although less 
ordered and amorphous, the ZTP was proved to be very active in photocatalytic water splitting for 
hydrogen generation. Interestingly, yeast cells that abound with biomacromolecules, could serve as 
biotemplate to prepare mesoporous zirconium phosphate.
70
 The air electrode fabricated with the 
obtained materials showed potential electrocatalytic activity for ORR in alkaline solution. Recently, 
hexagonally ordered mesoporous cobalt phosphate (Co3(PO4)2) with crystalline frameworks was 
prepared by Yamauchi group through a simple sol-gel route in the presence of CTAB.
71
 The 
synthesis was performed in ice bath to slow down the hydrolysis and condensation, allowing the 
effective interactions between charged precursors and surfactants before the bulk products form. 
XPS analysis confirmed the existence of abundant catalytically active Co
2+
 with some defect sites on 
the surface of Co3(PO4)2, which enables rapid proton transfer across the interface of Co/water and 
facilitates the generation of Co-oxo component when used as electrocatalyst for OER. In addition, 
the phosphate counterpart can serve as a proton carrier that expedites the protonic transport and 
maintain a stable local pH environment that significantly enhances the catalytic activity. Mesoporous 
zirconium oxophosphates (MZrP) were prepared through an evaporation-induced self-assembly 
(EISA) strategy using F127 as template.
72
 The MZrP materials exhibit excellent catalytic 
performance for biofuel production, due to the high surface area enriched with exposed acid sites and 
large pore size that promotes the transport of large organic molecules.  
While a variety of mesoporous metal phosphonate materials have been reported so far, their 
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application in energy storage and conversion is still in infancy. In 2014, an acid-base bifunctional 
catalyst for CO2 conversion, ordered mesoporous titanium phosphonate was prepared through a 
hydrothermal process, using alendronate sodium trihydrate and Brij 56 as bridging molecule and soft 
template, respectively.
73
 The abundant approachable P-OH and -NH2 groups in the hybrid framework 
are capable of activating CO2 molecules and aziridine rings, while the ordered mesostructure allows 
easy transport of reactants and products. The above material and structural merits have 
collaboratively contributed to the high yield (98%), conversion (> 99%), and regioselectivity (98:2) 
for CO2 cycloaddition. A series of mesoporous zirconium phosphonates were prepared using 
1-hydroxyethylidene-1,1‟-diphosphonic acid (HEDP), amino tri(methylene phosphonic acid) 
(ATMP), and sodium salt of ethylene diamine tetra(methylene phosphonic acid) (EDTMPS) as 
different bridging molecules with the aid of CTAB.
74
 They were proved to be a new type of efficient 
heterogeneous catalysts toward chemical CO2 fixation in a solvent-/cocatalysts free system without 
any hazardous halogen species. In 2015, Yamauchi group reported the first crystalline ordered 
mesoporous iron phosphonate through co-assembly of CTAB, nitrilotris(methylene)triphosphonic 
acid (NMPA), and iron nitrate (Figure 1.4).
75
 The parent ordered mesostructure remains almost intact 
after the template removal by extraction. The skeletal crystallinity can be availably enhanced by 
properly selecting reaction temperature, though slightly compromising the mesostructural ordering. 
The optimized sample exhibits desirable electrochemical performance as anode for LIBs, which is 
also the first case where a metal phosphonate was used for energy storage applications. Despite the 
insulating organic components in the phosphonate, the ordered mesostructure with crystallized pore 
walls is still capable of steadily accommodating large amount of lithium ions. Recently, Saha et al. 
reported the synthesis of hierarchically porous cobalt phosphonate nanocages in the presence of two 
surfactants (F127 and polyvinyl alcohol (PVA)).
76
 The utilization of F127 mainly account for the 
formation of large hollow architecture (20 – 60 nm), while the addition of co-surfactant PVA 
introduced small micro/mesopores (1.5 – 5 nm) into the walls. Electrochemical analysis indicates 
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that the obtained cobalt phosphonate can serve as a precatalyst for heterogeneous OER in basic 
medium, and the actual catalysts are supposed to be the in situ generated cobalt oxide/oxyhydroxide. 
Besides, the addition of small pores in the micro/mesoporous range is primarily responsible for the 
enhancement of catalytic activity.  
 
 
Figure 1.4 (a) Formation of mesostructured iron phosphonate (FeP). (b) Low-angle XRD patterns of 
(black) as-prepared FeP-1M and (red) extracted FeP-1ME. (c) TEM image of 2D hexagonally 
ordered FeP-1ME. Reproduced with permission.
75
 Copyright 2015, American Chemical Society.  
 
1.3. Hard-Templating Synthesis and Application 
Hard-templating method is another powerful approach to fabricate mesoporous materials. Initially, 
highly ordered mesoporous materials (mostly silica) are preformed as hard templates. Then the pores 
and channels are filled with precursors through phase transition, ion exchange, sorption, 
complexation or covalent grafting, etc. Upon heating or other treatments, the precursors are 
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converted into target products under the protection of rigid template walls. After template removal by 
etching or calcination, the desired mesoporous replicas are obtained (Figure 1.1b).
30, 77-80
 In the case 
of metal phosphate/phosphonate, however, the precipitation process is usually much faster than the 
loading of precursors into mesopores or channels. Sometimes, the rapid precipitation process can 
even block the pore channels.
81
 Hence the precipitation generally takes place outside the mesopores 
or channels, and eventually, only mixtures of hard template and metal phosphate/phosphonate are 
obtained. As for metal phosphide, although this method is also not directly applicable due to the 
susceptibility of phosphide composition to the harsh treatment with HF and/or NaOH, there is a 
roundabout way to reach the goal with the aid of hard-templating strategy.
82, 83
  
In 2016, Fu et al. reported the first hard-templating synthesis of highly ordered mesoporous 
bimetallic phosphides (CoNiP) with large mesopores (~8 nm) and controllable composition (Figure 
1.5).
82
 Cubic ordered mesoporous silica (KIT-6) was used as a hard template and was firstly 
impregnated with metal source only. Then, the metal-loaded template was mixed with NaH2PO2·H2O 
for further phosphorization. As a bimetallic OER electrocatalyst, CoNiP presents superior catalytic 
activity with long-term stability in 1 M KOH. The optimized composition exhibits a current density 
of 10 mA cm
2
 at a potential of 1.511 V, which outperforms the commercial RuO2 catalyst. The 
enhanced electrocatalytic performance should be credited to the unique mesostructure that provides 
abundant active sites and facilitates mass transport and charge/proton transfer, the synergy between 
metals, and the in situ formed active species (oxidized phosphates). In 2017, Yamauchi group 
synthesized an ordered mesoporous cobalt phosphide (meso-CoP), the first case of mesoporous 
semimetallic conductor.
83
 Hexagonally ordered mesoporous cobalt oxide (Co3O4) was preformed 
using mesoporous silica (SBA-15) as a hard template and was converted into meso-CoP through 
gas-solid reaction with NaH2PO2. The conductivity of meso-CoP was ~ 0.40 S cm
-1 
at 273 K, highest 
among the reported mesoporous materials except metals. Interestingly, the conduction behaviour of 
meso-CoP changed from semimetallic to semiconducting just above room temperature. Such unique 
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transition is presumably related to the existence of Co2P phase and/or oxidized surface. This 
advanced conductive material is expected to be of great use in photocatalysts and fuel cell catalysts.  
 
 
Figure 1.5 (a) Linear sweep voltammetry curves of Co3Ni1P and RuO2 in 1 M KOH. (b) TEM image 
of highly ordered mesoporous Co3Ni1P. Reproduced with permission. 
82
 Copyright 2016, American 
Chemical Society.  
 
1.4. Template-Free Synthesis and Application 
Despite the enormous achievements obtained by those template-directed synthesis routes, removing 
surfactants while keeping the mesostructure unperturbed remains a challenge. High amounts of 
organic surfactants that remain in the framework usually lead to poor conductivity and compromise 
the electrochemical performance. On the other hand, the removal of hard templates generally 
requires complicated and time-consuming procedures, which is not feasible for large-scale industrial 
application. In this regard, it is also highly desirable to construct mesostructure in phosphorus-based 
materials via an easy and cost-effective template-free method. 
 
Chapter 1  
15 
 
 
Figure 1.6 (a) Schematic diagram of two-electrode water splitting by an alkaline electrolyzer with 
nanoporous (Co1-xFex)2 as both anode and cathode. (b) np-(Co0.52Fe0.48)2P as a bifunctional catalyst in 
1.0 M KOH for water splitting. Inset shows SEM images of np-(Co0.52Fe0.48)2P. Reproduced with 
permission.
85
 Copyright 2016, The Royal Society of Chemistry.  
 
To date, a variety of metal phosphides with exquisite mesoporous architecture and controlled 
morphology have been realized through various template-free routes including ion exchange, 
topotactic conversion and electrochemical etching. In 2013, nanoporous FeP nanosheets were 
synthesized through an anion-exchange reaction of Fe18S25-TETAH (TETAH = protonated 
triethylenetetramine) with trioctylphosphine.
84
 The FeP electrocatalyst presents a low overpotential 
(~ 0.1 V) toward HER in acidic medium. This method was proved to be applicable to the preparation 
of porous cobalt phosphide nanosheets. Tan et al. synthesized nanoporous bimetallic phosphides 
(Co1-xFex)2P via the combination of metallurgical alloy design and selective electrochemical etching 
(Figure 1.6).
85
 The Co/Fe ratios can be tailored by adjusting precursor compositions, and the porosity 
is also modulable by changing the P content. The obtained porous architecture offers a large active 
surface area, fast mass transport pathways and low electric resistance for high reaction kinetics at 
low overpotentials for both HER and OER. Similarly, amorphous nanoporous nickel iron phosphide 
(np-(NixFe1-x)4P5) with tunable Ni/Fe ratio was fabricated by electrochemical dealloying.
86
 Benefiting 
from the porous structure, amorphous atomic arrangement, and electron-donating nature, the 
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optimized np-(Ni0.67Fe0.33)4P5 as both anode and cathode shows a high current density of 10 mA cm
-2
 
at a low potential of 1.62 V in a two-electrode water electrolysis system. Moosavifard et al. reported 
hierarchical multi-shelled nanoporous copper cobalt phosphide hollow microspheres with 
extraordinary capacitive properties.
87
 The coexistence of Cu and Co species induces richer redox 
reactions and higher conductivity, while nanoporous structure facilitates the electrolyte infiltration 
and electron transfer. Mesoporous CoP nanotubes were fabricated through an electrospinning 
technique combined with thermal stabilization and phosphorization treatments (Figure 1.7).
88
 The 
unique one-dimensional (1D) hollow porous structure provides a long-range order and large surface 
area for rapid mass/electron transfer, and thereby enhanced the HER electrocatalytic activity. 
Three-dimensional (3D) hierarchical nanoporous CoP nanoflowers/graphene composites prepared 
through diethylenetriamine-mediated self-assembly, showed an onset potential of -0.014 V, an 
overpotential of 98.1 mV to achieve 10 mA cm
-2
 as HER electrocatalyst.
89
  
 
 
Figure 1.7 (a) Schematic illustration for the preparation of CoP-NTs; (b) FESEM images CoP-NTs; 
(c) Illustration of the electron transfer and hydrogen evolution process on the surface of CoP-NTs. 
Reproduced with permission.
88
 Copyright 2017, The Royal Society of Chemistry. 
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Figure 1.8 Low- and (inset) high-magnification SEM images of (a) Co(OH)F/CC and (b) CoP/CC. 
TEM images of (c) Co(OH)F and (d) CoP nanowire. (e) Scheme of the operating principle of the 
HER based on CoP/CC. Electrons transport along CoP nanowire and transfer to proton leading to 
hydrogen production. Reproduced with permission.
90
 Copyright 2014, American Chemical Society.  
 
In 2014, Tian et al. designed self-supported nanoporous cobalt phosphide nanowire arrays on 
carbon cloth (CoP/CC) via topotactic conversion of Co(OH)F/CC precursor (Figure 1.8).
90
 As an 
integrated 3D hydrogen-evolving cathode, the CoP/CC is capable of operating in a wide pH range of 
0 – 14 with outstanding catalytic performance and durability, which should be attributed to the 
following aspects: intimate contact with CC ensures good mechanical adhesion and electrical 
connection; 3D porous structure provide more exposed active sites and facilitates sufficient transport 
of reactants and products. Similarly, porous CoP3 nanoneedle arrays on carbon fibre paper were 
fabricated with desirable electrocatalytic activity for HER over a wide pH range and for OER in 
basic media.
91
 Mesoporous semimetallic WP2 nanowire arrays on CC were prepared by topotactic 
conversion of WO3 precursor.
92
 Density functional theory (DFT) calculations reveal the low kinetic 
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energy barrier for H atom adsorption on the surface of WP2, leading to enhanced electrocatalytic 
activity for HER. Porous CoP ultrathin nanosheets with sub-1.1 nm thickness and exposed {200} 
facets were synthesized through chemical transformation of Co3O4 nanosheets.
93
 It has been 
demonstrated experimentally and theoretically that, the structural disorder, increased active area and 
facile mass/electron transfer derived from both porous and ultrathin features, and preferentially 
exposed active facets, are collectively responsible for the significantly improved electrocatalytic 
performance toward HER.  
 
 
Figure 1.9 (a) Synthetic scheme, (b) SEM, (c) TEM, and (d) HRTEM of CoP/NCNHP. Reproduced 
with permission.
104
 Copyright 2018, American Chemical Society.  
 
Metal-organic frameworks (MOFs), as emerging hybrid materials with high porosity, special 
morphologies and tunable particle size, have been demonstrated as versatile precursors to fabricate 
porous nanomaterials (e.g., carbon, metal oxides) by thermolysis.
94
 Recently, MOFs have even found 
great use in the production of mesoporous metal phosphides through topotactic conversion. In 2015, 
porous CoP concave polyhedron was topologically synthesized using Co3O4 precursor derived from 
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Co-MOF (ZIF-67).
95
 An overpotential of 133 mV at a current density of 10 mA cm
-2
 and a small 
Tafel slope of ca. 51 mV dec
-1
 was achieved in a 0.5 M H2SO4 for electrocatalytic HER, suggesting a 
possible Volmer-Heyrovsky mechanism. You et al. described a two-step route to construct 
mesoporous Co-P/NC nanopolyhedrons composing CoPx built in N-doped carbon, i.e. direct 
carbonization of ZIF-67 followed by phosphorization.
96
 Thanks to the interconnected mesostructure 
with conductive N-doped carbon network, the Co-P/NC exhibits remarkable electrocatalytic 
performance for both HER and OER in 1.0 M KOH. Similarly, CoP hollow polyhedron was prepared 
as efficient electrocatalyst for HER and OER in acidic and basic media, respectively.
97
 Through 
simultaneous phosphorization and carbonization of ZIF-67, porous CoP/graphitic carbon polyhedral 
hybrids were obtained with high OER activity.
98
 Likewise, cobalt phosphide (CoxP) nanoparticles 
embedded in N-doped carbon with mesoporous structures were fabricated, showing excellent 
electrochemical performance as anode material for LIBs.
99
 Ni2P polyhedron with high surface area 
(175.0 m
2
 g
-1
) and hierarchical porosity (1.7 ~ 32.1 nm) was obtained by direct phosphorization of a 
nickel centered MOF, exhibiting high HER activity and durability in acid medium.
100
 He et al. 
developed carbon-incorporated porous nickel-cobalt mixed metal phosphide (CoP and Ni2P) 
nanoboxes with enhanced electrocatalytic activity for OER in alkaline solution.
101
 A general 
approach was proposed recently, to prepare a new family of porous Co-based bimetallic phosphide 
ultrathin nanosheets (CoM-P-NS, M = Ni, Mn, Cu, Zn) as high-performance OER electrocatalyst, 
using bimetallic MOF nanosheets as precursors.
102
 2D porous oxygen-incorporated cobalt phosphide 
(CoPO) ultrathin nanosheets were fabricated using ZIF-67 nanoplates with oriented growth as 
precursor.
103
 The unique 2D porous structure with defective oxygen favours rapid mass transport 
through the material to abundant active sites; while the O/P co-incorporation triggers the high-valent 
Co with reservation of high electron-donating ability of P, both of which contribute to the 
significantly enhanced catalytic performance for electrochemical/photovoltaic overall water splitting. 
Very recently, an innovative nanocomposite, where CoP nanoparticles (NPs) built in N-doped carbon 
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nanotube hollow polyhedrons (NCNHP), was fabricated through multi-step treatments 
(pyrolysis-oxidation-phosphidation) of core-shell ZIF-8@ZIF-67 precursor (Figure 1.9).
104
 By virtue 
of the synergy between highly active CoP NPs and NCNHP, the CoP/NCNHP composite shows 
exceptional bifunctional electrocatalytic HER/OER activity with remarkable stability. DFT 
calculations also demonstrate that the electron transfer from NCNHP to CoP can elevate the 
electronic states of Co d-orbital, which strengthens the binding with H and hence enhances the 
catalytic activity. Using Ni-Co Prussian blue analogue (PBA) nanocubes as self-sacrificed templates, 
Feng et al. synthesized nickel cobalt phosphides quasi-hollow nanocubes as an efficient HER 
electrocatalyst in alkaline solution.
105
 Similarly, carbon coated porous nickel phosphides nanoplates 
with mixed phases of Ni5P4 and Ni2P was prepared using Ni(H2O)2[Ni(CN)4] PBA nanoplates as 
precursor.
106
 The obtained superb bifunctional activity for both HER and OER can be attributed to 
the porous nanostructure with amorphous carbon coating, and in situ generated oxidized nickel 
species serving as OER active sites. Zhu et al. reported carbon-coated hollow mesoporous FeP 
microcubes derived from Prussian blue.
107
 The carbon coating effectively decreases the contact 
electrical resistance, and the 3D porous structure provides more exposed active sites, leading to 
improved electrocatalytic performance toward HER. Porous nickel iron phosphide (Ni-Fe-P) 
nanocubes were synthesized as an efficient electrocatalyst for overall water splitting in alkaline 
solution, through one-step phosphorization of Ni-Fe PBA precursor.
108
  
The reports of template-free synthesis of mesoporous phosphate/phosphonate materials applied 
in energy related fields are not that many as the phosphides. In 2012, Qian et al. reported the 
electrochemical synthesis of mesoporous FePO4 nanoparticles for fabricating LiFePO4/C composite 
cathode for LIBs.
109
 3D hierarchically porous flower-like titanium phosphate was prepared by a 
surfactant-free hydrothermal process, showing potential as photocatalytic HER catalyst.
110
 A rapid 
microwave-assisted hydrothermal method was developed for the synthesis of mesoporous hollow 
NixCo3-x(PO4)2 shells, in which the oil-in-water microemulsion composed of hexane, water and 
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N,N-dimethylacetamide (DMA) served as a template. (Figure 1.10).
111
 Due to the high surface area 
and increased electroactive sites, the NixCo3-x(PO4)2 showed excellent performance as both OER 
electrocatalyst and supercapacitors electrode. A series of nanoporous metal phosphates (nickel, 
aluminium, and zirconium) with large surface areas and controllable morphology and crystallinity 
were fabricated by Yamauchi group through simple thermolysis of their parent phosphonates, 
exhibiting superior supercapacitor performance with high capacitance and stability.
112
 Based on a 
ligand substitution mechanism, a novel hollow porous NixPyOz composite was obtained from a 
Ni-MOF precursor for the first time.
113
 This hybrid-textured electrode material for supercapacitor 
enjoys the merits of both large capacitance derived from the interior surface area of MOFs template 
and active pseudocapacitive behaviour originating from nickel phosphate. Honeycomb-like 
mesoporous cobalt nickel phosphate nanospheres (CoxNi(3-x)(PO4)2) as supercapacitor electrode were 
synthesized through a hydrothermal process combined with low-temperature pyrolysis.
114
 
Mesoporous sulfonated zinc phosphonate was prepared through hydrothermal reaction between 
p-xylenediphosphonic acid and ZnCl2 followed by sulfonation, exhibiting high catalytic activity for 
biodiesel production at room temperature.
115
  
 
 
Figure 1.10 Illustration of the possible process for the formation of NixCo3-x(PO4)2: (a) Co3(PO4)2 
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mesoporous hollow shells obtained in an oil-in-water emulsion with the assistance of triethylamine 
in the synthetic system. (b) Pompon-shaped NiCo2(PO4)2 hierarchical shells doped with 33% Ni ions. 
(c) Mesoporous CoNi2(PO4)2 hierarchical shells doped with 66% Ni ions. (d) Ni3(PO4)2 nanosheets 
with 100% Ni substitution. Reproduced with permission.
111
 Copyright 2014, The Royal Society of 
Chemistry.  
 
1.5. Motivation and Purpose  
The depletion of fuel supplies and deterioration of living environment are mounting a serious 
challenge to the survival and development of all humanity. The urgent desire for clean, sustainable 
and affordable energy source has spurred the emergence and evolution of advanced energy 
technologies such as LIBs, fuel cells and water splitting. The conventionally used electrode/catalyst 
materials in those energy storage and conversion systems, however, are faced with a predicament 
caused by the rising cost and increasing scarcity of the noble metal and lithium resources. In this 
scenario, it is highly desirable and imperative to exploit alternative electrode/catalyst materials that 
have rich natural reserves and cost competitiveness, as well as adequate performance. 
Mesoporous architectures are holding a particularly important position in material science, by 
virtue of their high surface area, tunable porosities, as well as rich interactions with mobile guest 
species such as ions and molecules, which endue them with diverse utilities in a vast number of 
applications spanning sensors, adsorption/separation, catalysts, biotechnologies, to energy storage 
and conversion. The pioneering discovery of mesoporous silicas in the 1990s has carved out new 
ways to the synthesis of a variety of mesoporous materials. Till now, mesoporous silicas and 
organosilicas have been widely studied. However, apart from the limited choice and high cost of 
organosiloxanes, the insulating nature of the silicas materials have severely hindered their 
applications in many frontier domains such as energy related applications. Therefore, a lot of effort 
has been devoted into the development of non-silica-based mesoporous materials that have more 
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diverse compositions and wide usage. Among various non-silica-based materials, phosphorus-based 
materials, namely metal phosphides, phosphates, and phosphonates, are very attractive, because of 
their low-cost and diverse phosphorus chemistry, chemical and thermal stability, as well as versatile 
catalytic activity. However, most phosphorus-based precursors are more susceptible than the 
siliceous precursors, and the hydrolysis and condensation process are generally difficult to control. 
So the preparation of phosphorus-based mesoporous materials is interesting and challenging as well. 
In this thesis, I focus on the synthesis of phosphorus-based mesoporous materials toward energy 
related applications using soft-templating method.  
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Chapter 2. Facile Synthesis of Mesoporous 
Li1+xV1-xO2@C Composites as Promising Anode 
Materials for Lithium-Ion Batteries  
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2.1. Introduction  
In recent years, lithium ion batteries (LIBs) have been proposed as an efficient, sustainable, and 
environmentally benign alternative energy source.
1-3
 For the last few years, LIBs have been powering 
most portable electronic devices all over the world.
4, 5
 The emerging applications of LIBs in 
electrical vehicles (EVs) and hybrid electric vehicles (HEVs) mostly require high energy and power 
density, however, and consequently, further development of electrode materials is highly desirable. 
Future advances in LIBs fundamentally depend on the research on new materials with novel 
compositions as electrodes and electrolytes.
6
 Over the last two decades, graphite and its analogues 
have remained the dominant anode materials in LIBs. There are still some stumbling blocks, however, 
such as limited volumetric capacity and the reactions of carbon with organic solvents from the 
electrolyte, which are driving the scientists to find alternative materials with better performance for a 
feasible solution. Although the lithium alloy materials (e.g., Si-Li and Sn-Li alloys) have received 
much attention due to their large lithium storage capacity at moderate operational voltage, the huge 
volume changes of the active material during cycling frequently lead to pulverization and loss of 
electrical contact.
7, 8
 Transition metal oxides with high specific capacities also have been studied 
extensively as anode materials for LIBs, but they are still not applicable for general use due to their 
high operating potentials and large potential hysteresis.
9
  
Recently, a layered transition metal oxide with the composition Li1+xV1-xO2 has attracted 
enormous interest as an alternative anode material to graphite for LIBs.
10-18
 The Li-rich Li1+xV1-xO2 
materials possess larger theoretical volumetric capacity (~ 1360 mAh cm
-3
), equivalent to 1.7 times 
as much as that of graphite (~ 790 mAh cm
-3
), which is crucial for practical use.
17
 Although this Li 
rich Li1+xV1-xO2 composition has potential hysteresis like transition metal oxides but most 
interestingly, lithium ions (Li
+
) can be reversibly intercalated into Li1+xV1-xO2 at an unusually low 
voltage (~ 0.1 V vs. Li/Li
+
).
9, 16
 Along with the volumetric capacity of LIBs, the operational voltage 
of anode materials is a crucial factor for determining the overall battery voltage; higher anode 
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voltage
 
will result in lower overall battery voltage and lesser output energy/power density.  
The previously reported synthetic methods for Li1+xV1-xO2 suffer from several drawbacks, 
including the use of high temperatures (e.g., 850°C, 1100°C) and long calcination procedures (ten to 
twelve hours) under very expensive argon (Ar) and/or highly flammable hydrogen (H2) atmospheres. 
Such difficult and expensive synthetic conditions are severely obstructing the commercial production 
of Li1+xV1-xO2. Furthermore, pristine Li1+xV1-xO2 materials also suffer from poor intrinsic electronic 
conductivity and some volume change during cycling, which compromise their high-rate 
performance and long-term cyclability. In this chapter, I have developed a mild and low-cost 
synthetic route to fabricate a novel composite anode material consisting of Li1+xV1-xO2 
nanocrystallites embedded in a porous carbon matrix (Figure 2.1). Instead of high temperature and 
long calcination with expensive Ar and/or H2, citric acid and N2 are adopted to maintain the 
reductive environment. The thermal decomposition of the organics introduces carbon and hence 
inhibits uncontrolled growth of Li1+xV1-xO2 particles, while the use of triblock copolymer (P123) 
contributes to stabilizing the Li1+xV1-xO2 nanoparticle precursor by H-bonding in solution phase and 
provides a porous conductive framework upon carbonization. This special structure endows the 
Li1+xV1-xO2@C composite anode with superb cycling performance (with the capacity retention at the 
100
th
 cycle above 82% at 144 mA g
-1
 (0.48 C)) and desirable rate capability, mainly due to its porous 
structure and the continuous conductive network.  
 
2.2. Experimental Sections  
2.2.1. Materials  
Vanadyl acetylacetonate (VO(C5H7O2)2, 98 wt%), lithium hydroxide (LiOH, ≥ 98 wt%), and 
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (Pluronic P123, Mav 
= 5800) were supplied by Sigma-Aldrich. Citric acid (anhydrous, 99 wt%) was provided by Nacalai 
Tesque, Inc. All chemicals were used as received without any further purification. 
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Figure 2.1 Formation mechanism of nanoporous Li1+xV1-xO2@C composite. Reproduced with 
permission.
57
 Copyright 2017, The Royal Society of Chemistry.  
 
2.2.2. Synthesis 
In a typical synthetic process, 0.5 g triblock copolymer (Pluronic P123) was firstly dissolved in 20 
ml ethanol acidified with 1.32 g (36 wt%) hydrochloric acid solution at room temperature, followed 
by magnetic stirring for 1 h. Then, 1.0 mmol citric acid and 1.1 mmol LiOH were successively added. 
On the other side, 1 mmol VO(C5H7O2)2 was separately dissolved in 15 ml ethanol under sonication 
and was added dropwise into the above solution. The stirring was continued for another 4 h, and 
eventually, a clear solution was formed. The mixed solution was loaded into a Teflon-lined autoclave 
and kept in an oven at 80°C for 24 h. The aged solution was then transferred into glass dish and kept 
inside an oven at 60°C until a blackish-green gel was obtained. During this procedure, the inorganic 
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precursors were stabilized as nanoparticles by H-bonding interaction through the polyethylene oxide 
(-PEO) units of Pluronic P123. Finally, the blackish-green synthetic gel containing the Li1+xV1-xO2 
nanoparticle precursor stabilized by P123 was calcined at 600°C for 4 h under flowing N2 at a 
heating rate of 2°C min
-1
 to obtain crystalline Li1+xV1-xO2 nanoparticles embedded in a porous carbon 
framework. The sample obtained was designated as P-LVO@C. 
 
2.2.3. Characterizations  
Wide-angle powder X-ray diffraction (XRD) patterns were collected with a RIGAKU Rint 2000 
diffractometer, using monochromatic Cu Kα radiation (40 kV, 40 mA) at a scanning rate of 0.1° min
-1
. 
Scanning electron microscope (SEM) images were collected with a Hitachi SU-8000 field emission 
SEM at an accelerating voltage of 15 kV. Transmission electron microscope (TEM) observations 
were conducted on a JEOL JEM-2100F TEM system operated at 200 kV. Nitrogen 
adsorption-desorption analyses were performed using a Belsorp-mini II Sorption System (BEL Japan, 
Inc.) at liquid nitrogen temperature (77 K). The samples were degassed at 150°C for 18 h as a 
pretreatment. The specific surface area was calculated by the multipoint Brunauer-Emmett-Teller 
(BET) method. Raman spectra were recorded on a micro Raman spectrophotometer (Horiba-Jovin 
Yvon T64000). X-ray photoelectron spectroscopy (XPS) was implemented on a JEOL JPS-9010 
apparatus. All binding energies were calibrated in relation to the C 1s line from adventitious carbon 
(285 eV). The atomic ratio of Li/V was analyzed by inductively coupled plasma − optical emission 
spectrometry (ICP-OES). The elemental concentration of carbon was determined by a CHN analyzer 
(Perkin Elmar, PE 2400 Series II). Thermogravimetric analyses (TGA) was carried out on a Hitachi 
HT-Seiko Instrument Exter 6300 at a ramping rate of 3°C min
-1
 in air. 
 
2.2.4. Electrochemical Measurements  
The charge-discharge properties were studied with CR2032 coin-type half-cells assembled in a glove 
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box filled with inert gas. The working electrode was fabricated by casting the electrode slurry (60 
wt% active materials, 20 wt% Super P carbon, and 20 wt% polyvinylidene fluoride binder in 
N-methyl-2-pyrrolidone (NMP)) onto Cu foil, and then drying it in a vacuum oven at 120°C for 12 h. 
The densities of electrodes were fixed in the range of 1.0-1.1 g cm
-3
. Lithium foil and porous 
polyethylene (PE) membrane were adopted as the counter electrode and separator, respectively. 1 M 
LiPF6 in ethylene carbonate/ethyl methyl carbonate (EC/EMC) (3/7 by volume) was used as 
electrolyte. The charge/discharge performances of the electrodes were evaluated galvanostatically in 
the voltage range of 0.01-2.00 V (vs. Li/Li
+
) at room temperature, and the current density of 300 mA 
g
-1
 was employed as the 1 C rate in this chapter.  
 
2.3. Results and Discussion  
The crystallographic information was acquired from the wide-angle XRD pattern of P-LVO@C, as 
presented in Figure 2.2a. All the distinguishable diffraction peaks could be indexed based on the 
α-NaFeO2 type crystalline structure with space group R3̅m. The observed peak positions show fair 
agreement with the previously reported non-stoichiometric lithium vanadium oxide (Li1+xV1-xO2).
13, 
14, 17, 19
 Nevertheless, the P-LVO@C exhibits a relatively broader peak shape compared to the 
previously reported results, indicating the formation of the nanoparticle morphology of the material, 
which has been confirmed by the electron microscopy analysis (to be described later). I have 
calculated the average crystallite size of the P-LVO@C sample from the Scherrer equation (D = 
0.9λ/(β cos θ)), where D is the average crystallite size (Å), λ is the X-ray wavelength (Cu Kα = 
1.5406 Å), β is the full width at half-maximum (FWHM) in radians, and θ is the Bragg diffraction 
angle. The calculated average crystalline size using this equation is ~ 8.3 nm. The triblock copolymer 
(Pluronic P123), in which the polypropylene oxide (PPO) domain is the core and the polyethylene 
oxide (PEO) domain is the shell, is capable of stabilizing the Li1+xV1-xO2 nanoparticle precursor in 
solution phase by H-bonding through the -PEO units (Figure 2.1). No observable impurity peaks 
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(e.g., Li3VO4) can be found in the XRD pattern of P-LVO@C. Hence, in the absence of drastic 
synthetic conditions (e.g., high temperature calcination for a long time under reducing atmosphere), 
the low-valence vanadium compound (Li1+xV1-xO2) still can be obtained without oxidized impurities, 
thanks to the reductive environment created by the citric acid and pyrolytic carbon. As for the 
products prepared in the absence of either citric acid or P123, both the XRD patterns cannot be 
assigned to the desired Li1+xV1-xO2 phase. For comparison, I have prepared the material without 
adding citric acid; the obtained material is the mixture of VO2, LiVO2 and some oxidized impurities 
(Figure 2.3). Hence, it is clear that citric acid plays an indispensable part for the production of my 
desired Li1+xV1-xO2@C material. This mild and low-cost synthetic strategy will be definitely 
beneficial for the large-scale production of Li1+xV1-xO2 nanomaterials for future commercialization.  
 
 
Figure 2.2 (a) Wide-angle XRD pattern, (b) Raman spectrum, with the inset showing an enlargement 
of the D and G bands, and XPS (c) survey spectrum and (d) V 2p spectrum of P-LVO@C. 
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Reproduced with permission.
57
 Copyright 2017, The Royal Society of Chemistry.  
 
 
Figure 2.3 Wide-angle XRD pattern of the material after calcination under N2, without adding citric 
acid in the reaction medium. Reproduced with permission.
57
 Copyright 2017, The Royal Society of 
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The Raman spectrum of P-LVO@C was recorded in the range of 200-2000 cm
-1
, as shown in 
Figure 2.2b. The pronounced sharp bands centered at around 750-850 cm
-1
 should be assigned to the 
stretching vibrations of V-O bonds, while the relatively smaller bands located in the 300-400 cm
-1
 
region correspond to the bending modes of V-O bonds.
15, 20-23
 Furthermore, two distinct bands can be 
observed in the narrow Raman spectrum (1000 – 1800 cm-1) presented in the inset, indicative of the 
presence of carbon phase in P-LVO@C. It is generally supposed that the bands at 1333 cm
-1
 and 
1593 cm
-1
 can be ascribed to the characteristic D band (disordered carbon) and G band (graphitic 
carbon), respectively.
24-26
 To some extent, these results show preliminary evidence for the successful 
synthesis of lithium vanadium oxide/carbon composite. No crystalline peak of carbon can be 
observed in the wide-angle XRD pattern, however, suggesting that the carbon contained in 
P-LVO@C is mostly amorphous.  
CHN elemental analysis further confirms the formation of carbon during the synthetic process. 
Chapter 2  
39 
 
The actual carbon content of P-LVO@C is measured to be about 30 wt%, which might be 
contributed by the decomposition and carbonization of the organic groups of the VO(C5H7O2)2 as 
well as the citric acid and the block copolymer (Pluronic P123). Figure 2.4 shows the TG curves of 
the synthetic precursor (before calcination) and the final product P-LVO@C (after calcination under 
N2). Generally, the initial weight loss of both samples below 100°C is due to removal of residual 
moisture from the gel precursor or the liberation of surface adsorbed water. In the range of 100 – 
270°C, the weight loss of the precursor (before calcination) is about 43 wt%, which is presumably 
caused by the thermal decomposition of the organic ingredients remained in the precursor. In case of 
P-LVO@C, the sample weight in the same temperature region (100 – 270°C) remains almost 
unchanged indicating that after the heat treatment under N2, no organic residues present in the final 
material. In the higher temperature interval of 270- 515°C, the weight loss of P-LVO@C is about 30 
wt%, corresponding to the removal of the pyrolytic carbon. Hence from this TG curve, it can be 
concluded that 30 wt% of carbon in final P-LVO@C material has been generated from the organic of 
synthetic precursor and the remaining organic part has been evolved as CO2 and H2O during 
calcination. Furthermore, the carbon content in P-LVO@C obtained by TG shows a good agreement 
with the CHN analysis. It is widely believed that carbon coating is one of the most effective 
strategies to improve the poor intrinsic electronic conductivity of most reported electrode materials 
by reducing the inter-particle resistance. Composites of lithium vanadium oxides with carbon 
materials are expected to exhibit both higher volumetric energy density than pure graphite and better 
cycling performance than pure lithium vanadium oxide.
12, 15, 27, 28
 Lee et. al have extensively studied 
on the electronic conductivity of Li rich LiVO2 material and related carbon coated material by 
electrochemical impedance spectroscopy (EIS) at room temperature.
15
 And it has been found that 
upon the uniform coting of carbon on these type of material the electronic conductivity has been 
increased due to the lowering of interfacial resistance which is generated due to the 
electrode-electrolyte reactions.
15
 Uniform coating of carbon on the surface of the material prevents 
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the reaction between electrode and electrolyte. Therefore, the introduction of carbon will hopefully 
greatly improve the electrochemical properties of my lithium vanadium oxide materials. As is well 
known, lithium ions cannot reversibly intercalate into stoichiometric LiVO2. It has been well 
established, however, that substituting lithium for a small amount of the vanadium on the transition 
metal sites (i.e., Li1+xV1-xO2, x ≥ 0.03) will sufficiently facilitate a reversible two-phase intercalation 
process between LiVO2 and Li2VO2 at a very low voltage (~ 0.1 V vs. Li/Li
+
).
13, 18
 The inductively 
coupled plasma − optical emission spectrometry (ICP-OES) analysis of P-LVO@C gives an exact 
Li/V ratio of 1.03/0.97, providing positive evidence for the successful synthesis of Li-rich lithium 
vanadium oxide (Li1.03V0.97O2). Such a slight excess of lithium is anticipated to increase the 
electrochemical activity of P-LVO@C (Li1.03V0.97O2) as anode material in LIBs compared to the 
exact stoichiometric material (LiVO2).  
 
 
Figure 2.4 TG curves of the synthetic precursor (before calcination) and P-LVO@C (after 
calcination under N2). Reproduced with permission.
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The surface chemical composition of P-LVO@C has been further investigated by X-ray 
photoelectron spectroscopy (XPS). The survey spectrum (Figure 2.2c) distinctly reveals the presence 
of vanadium, oxygen, and carbon in the sample. The V 2p core level spectrum (Figure 2.2d) presents 
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a typical two-peak pattern (2p3/2 and 2p1/2) originating from the spin-orbit coupling. The broadening 
of the V 2p peaks might be attributed to the presence of V defects on the surface of the material.
29, 30
 
The binding energy associated with V 2p3/2 is generally used to differentiate valence states of 
vanadium species at the surface of the material.
31-34
 In the present chapter, the broad V 2p3/2 peak of 
P-LVO@C was deconvoluted via Lorentzian-Gaussian fitting combined with Shirley background 
subtraction, as shown in Figure 2.5a in the Supporting Information. Here, the binding energy 
associated with V 2p3/2 can be deconvoluted into three contributions positioned at 515.2 ± 0.20 eV, 
516.4 ± 0.20 eV, and 517.5 ± 0.20 eV, corresponding to V
3+
 2p3/2, V
4+
 2p3/2 and V
5+
 2p3/2, 
respectively.
34-37
 The appearance of vanadium cations with higher valence is probably due to the 
partial over-oxidation of V
3+
 ions on the surface of P-LVO@C.
14, 34
 In addition, the asymmetric O 1s 
photoelectron line shown in Figure 2.5b also can be deconvoluted into three peaks, manifesting the 
presence of three different oxygen species. The peak centered at 530.0 ± 0.20 eV is assignable to O 
1s in vanadium oxide, while the peaks positioned at 531.9 ± 0.20 eV and 533.1 ± 0.20 eV arise from 
the oxygen in the functional group (OH) and H2O, respectively.
38-40
  
 
 
Figure 2.5 XPS spectra of P-LVO@C: (a) V 2p3/2 and (b) O 1s. Reproduced with permission.
57
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The morphology of P-LVO@C was observed by field emission scanning electron microscopy 
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(FE-SEM). Typical SEM images are shown in Figure 2.6(a-b), indicating that the synthesized 
P-LVO@C composite consists of relatively uniform nanoparticles with an average diameter of about 
20-35 nm. The use of several nanomaterials as electrode materials in LIBs has been well documented, 
and they show enhanced lithium storage capacity, high rate performance, and excellent capacity 
retention due to the short lithium diffusion paths and faster electron transportation.
1, 41-43
 The „nano’ 
dimension of the lithium vanadium oxide in the present chapter also plays a crucial role in enhancing 
the electrochemical performance of the sample in LIBs, which will be discussed later.  
Transmission electron microscopy (TEM) has been also employed to provide deeper insight into 
the microstructure of P-LVO@C. The low magnification TEM images in Figure 2.6(c-d) disclose the 
porous structure of the composite material. The selected-area electron diffraction (SAED) pattern is 
shown in the inset of Figure 2.6c. The d-spacing calculated from the characteristic SAED patterns 
can be assigned to the (104) and (110) lattice planes of Li1+xV1-xO2, respectively.
13
 The ring-like 
SAED pattern implies that each crystal is randomly oriented with no preferred direction.
44
 The 
elemental composition of P-LVO@C was also determined by element mapping and 
energy-dispersive X-ray spectroscopy (EDX), clearly indicating the homogeneous distribution of 
vanadium, oxygen, and carbon over the entire sample (Figure 2.7). Moreover, the atomic ratio of 
V/O obtained from the EDX spectrum is 0.975/2, which is in good agreement with the results of ICP 
analysis, and thus offers further support for the achievement of Li-rich Li1+xV1-xO2 material. Further 
inspection using high-resolution TEM (HR-TEM) illustrates the internal construction of P-LVO@C 
(Figure 2.6e). It can be clearly seen that the representative TEM image is composed of many 
dark-colored nanograins distributed over the light-colored substrate, presenting a guava-like structure. 
Figure 2.6f shows an enlarged version of a selected portion of Figure 2.6e. In Figure 2.6f, the crystal 
fringes (encircled by red dotted lines) are clearly observable, corresponding to the (104) crystal 
planes of Li1+xV1-xO2 material. The diameter of the Li1+xV1-xO2 nanoparticle has been calculated to be 
8-9 nm, which is in good agreement with the crystallite size obtained from the corresponding 
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Scherrer equation. No signs of graphitic structure can be observed beyond the nanoparticles, however, 
signifying that the carbon matrix is basically amorphous. The above TEM observations reveal that 
the P-LVO@C possesses a unique architecture consisting of a dispersion of non-stoichiometric 
Li1+xV1-xO2 nanocrystallites embedded in the porous carbon support. In addition to an improvement 
in electronic conductivity,
45
 favorable electronic contact and continuity also can be guaranteed due to 
the special structure, in which the Li1+xV1-xO2 crystallites are well-connected to each other through 
the carbon conductive network.
46
 In addition, the presence of the carbon surrounding the 
nanoparticles might help to suppress their agglomeration during cycling, ensuring excellent cycling 
performance.
40
 
 
 
Figure 2.6 (a-b) FE-SEM images of P-LVO@C; (c-d) TEM images of P-LVO@C (with the inset of 
Figure 2c showing the corresponding SAED pattern); (e-f) high-resolution TEM images of 
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P-LVO@C showing lattice fringes. Reproduced with permission.
57
 Copyright 2017, The Royal 
Society of Chemistry.  
 
 
Figure 2.7 Elemental mapping (a) with EDX spectrum (b) of P-LVO@C. Reproduced with 
permission.
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The porous structure of the P-LVO@C has been confirmed by N2 adsorption-desorption 
isotherms at liquid N2 temperature (Figure 2.8). The strong nitrogen adsorption at very low relative 
pressure (P/P0 < 0.1) indicates the presence of a significant amount of micropores in the material, 
while the amount of adsorbed N2 increases gradually with increasing relative pressure and the 
hysteresis loop at higher relative pressure confirms the presence of mesopores in the material as well. 
40, 47
 Nevertheless, the prominent capillary condensation step, which is characteristic of ordered 
mesoporous materials, is not clearly observable in the N2 adsorption-desorption isotherms of 
P-LVO@C material.
48-50
 The calculated BET surface area of P-LVO@C is 156 m
2
 g
-1
. Such a high 
BET surface area has never been reported for Li1+xV1-xO2 and/or related composite materials.
13
 The 
porous carbon network offers a high infiltration capacity for electrolyte, as well as short and easy 
lithium ion diffusion pathways for the intercalation/de-intercalation reaction, which facilitates high 
rate charge/discharge performance.
40,
 
46, 51, 52
 The unfavorable volume variation of Li1+xV1-xO2 
crystallites during charge-discharge can be greatly alleviated due to the void space, leading to 
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strengthened structural stability and hence better cycle life.
51
 On the other hand, owing to the similar 
lithium intercalation voltage, the carbon existing in P-LVO@C will also make a contribution to the 
overall capacity of the composite anode. Additionally, it has been documented that the cavities in 
porous carbon may serve as reservoirs for lithium storage, which will gain extra capacity for the 
anode materials.
53-55
 
 
 
Figure 2.8 N2 adsorption-desorption isotherms of P-LVO@C. Reproduced with permission.
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The electrochemical performance of P-LVO@C has been examined as an anode for LIBs. 
Figure 2.9a illustrates the charge-discharges curves of P-VO@C electrode measured at 72 mA g
-1
 in 
the range of 0.01-2.00 V (vs. Li/Li
+
). In the case of the 1
st
 cycle, although the P-LVO@C electrode 
delivers a first cycle discharge capacity of about 735 mAh g
-1
, which far exceeds the theoretical 
capacity of Li1.03V0.97O2, the subsequent charge capacity returns to a relatively normal level (~306 
mAh g
-1
).
17,28
 The large irreversible capacity of the first cycle might be ascribed to the following: (1) 
consumption of lithium for the formation of solid electrolyte interphase (SEI) layers; (2) trapping of 
a minute quantity of lithium ions inside the structure; (3) possible side reactions related to the 
electrolyte or contamination of the electrode surface.
10, 11, 28
 After the initial cycle with large 
irreversible capacity loss, the coulombic efficiencies of P-LVO@C has a sharp increase and then 
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almost approached 100% during the following cycles (coulombic efficiencies: 2
nd
: 92.8%, 50
th
: 
99.5%, 100
th
: 99.6%). Despite the adverse effects for the first-cycle coulombic efficiency, the SEI 
can protect the surface of the anode against further solvent decomposition and also serves as a good 
lithium ion conductor, thus promoting facile lithium cycling.
56
 The differential capacity plots of 
P-LVO@C are presented in Figure 2.9b. The predominant reduction peak at around 0.2 V 
corresponds to the typical large voltage plateau in the 1
st
 cycle discharge curve, which should be 
mainly attributed to the characteristic two-phase intercalation process for Li-rich Li1+xV1-xO2.
12, 13, 18
 
Some small peaks between 0.4-0.8 V can be found as well, mostly due to the SEI formation and 
other unexpected side reactions.
10, 11, 13, 14
 From the 2
nd
 cycle onward, the main reduction peak at 
around 0.2 V almost vanished. The most likely reason is that the characteristic lithium 
insertion/extraction at around 0.2 V is not reversible in the present anode system. That is, a slight 
amount of lithium ions have been trapped inside the P-LVO@C structure and cannot be fully 
extracted again, which is well known for this type of carbon coated Li rich LiVO2 material.
15
 Instead, 
a pair of redox couple peaks at around 0.5 – 0.6 V have been well preserved during the following 
cycles, indicating that a new reversible lithium insertion/extraction process has been generated in the 
lithiated P-LVO@C anode. Furthermore, the repeatability of the differential capacity plots during the 
2
nd
 – 100th cycles explains the nice coulombic efficiencies of the material. Figure 2.9c shows the 
cycling performance of P-LVO@C tested at the higher rate of 144 mA g
-1
 (0.48 C). The P-LVO@C 
electrode delivers an initial reversible capacity of 203 mAh g
-1
, and the capacity retention is 
satisfactory, remaining above 90% within the first 20 cycles. Even after prolonged cycling for 100 
cycles, the P-LVO@C electrode can surprisingly retain more than 82% of its initial capacity. Such 
remarkable durability with desirable capacity retention during long cycling has never been reported 
for Li1+xV1-xO2 material previously. The rate capability of P-LVO@C is plotted in Figure 2.9d. With 
increasing current density, the reversible capacity of P-LVO@C electrode can be seen to decrease 
gradually from 208 mAh g
-1
 at 144 mA g
-1
 (0.48 C) to 142 mAh g
-1
 at 1440 mA g
-1
 (4.8 C). Notably, 
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the reversible capacity of P-LVO@C electrode has been monitored to be above 120 mAh g
-1
 at the 
extremely high rate of 3600 mA g
-1
 (12 C). As the current density comes back to 144 mA g
-1
 again, 
the reversible capacity of P-LVO@C electrode can recover to 96.6% of its initial value. Moreover, 
the reversible capacity turns out to be more stable at higher current densities, indicating the 
outstanding cycling reversibility and stability of the P-LVO@C under high-rate conditions.  
 
 
Figure 2.9 (a) Charge-discharge curves of P-LVO@C electrode and (b) corresponding differential 
capacity plot for 1
st
 cycle to 100
th
 cycle; (c) cycling performance (after the formation cycle) of 
P-LVO@C electrode at 144 mA g
-1
 (0.48 C). (d) Rate capability of P-LVO@C electrode at different 
current densities. Reproduced with permission.
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Even though the theoretical gravimetric capacity of Li1+xV1-xO2 is slightly lower than that of 
graphite, the similar lithium intercalation plateau and almost doubled volumetric capacity (which is 
crucial to the practical applicability of electrode materials for LIBs) make Li1+xV1-xO2 a promising 
alternative anode material for LIBs. In this chapter, I have developed a new, mild, and low-cost 
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synthetic methodology to prepare Li-rich Li1+xV1-xO2 composite material with novel architecture. In a 
nutshell, the P-LVO@C composite anode fabricated herein exhibits superior cycling performance as 
well as favorable rate capability, which should be credited to the novel nanostructure comprising 
Li1+xV1-xO2 nanocrystallites embedded in the nanoporous carbon framework. Several outstanding 
features are proposed to rationalize the enhanced electrochemical performance of the composite 
anode material (P-LVO@C) compared to several previously reported lithium-vanadium mixed 
oxides. Firstly, the introduction of carbon improves the overall electronic conductivity of the 
composite. Secondly, the porous structure provides more active sites for lithium accommodation as 
well as easy lithium diffusion pathways. The internal void space alleviates the volume expansion on 
cycling and offers a high degree of electrolyte-electrode wettability. Thirdly, the carbon network 
generated in situ secures solid electrical contact and favorable electrical continuity throughout the 
anode. In addition, the nanosized Li1+xV1-xO2 also plays a crucial role in favoring rapid lithium ion 
and electron transportation throughout the composite anode material. 
 
2.4. Conclusion  
A novel composite anode material composed of nano-sized Li1+xV1-xO2 crystals embedded in a 
porous carbon framework has been successfully synthesized by a mild and low-cost method. Citric 
acid and triblock copolymer provides the reductive environment and acts as a porogen, respectively. 
The composite anode material (P-LVO@C) for LIBs exhibits remarkable cycling performance with 
high reversible capacity and desirable rate capability, which is mainly due to the novel composition 
with porous structure provided by the continuous carbon network. I strongly believe that this novel 
synthetic methodology will open up several new routes for the production of various composite 
materials that will have potential applications in energy storage devices.  
  
Chapter 2  
49 
 
References  
1. A. S. Arico, P. Bruce, B. Scrosati, J. M. Tarascon and W. van Schalkwijk, Nat. Mater., 2005, 4, 
366-377. 
2. M. Armand and J. M. Tarascon, Nature, 2008, 451, 652-657. 
3. J. M. Tarascon and M. Armand, Nature, 2001, 414, 359-367. 
4. V. Etacheri, R. Marom, R. Elazari, G. Salitra and D. Aurbach, Energy Environ. Sci., 2011, 4, 
3243-3262. 
5. P. G. Bruce, B. Scrosati and J. M. Tarascon, Angew. Chem. Int. Ed., 2008, 47, 2930-2946. 
6. P. G. Bruce, Solid State Ionics, 2008, 179, 752-760. 
7. M. N. Obrovac, L. Christensen, D. B. Le and J. R. Dahn, J. Electrochem. Soc., 2007, 154, 
A849-A855. 
8. M. Winter and J. O. Besenhard, Electrochim. Acta, 1999, 45, 31-50. 
9. G. Jeong, Y.-U. Kim, H. Kim, Y.-J. Kim and H.-J. Sohn, Energy Environ. Sci., 2011, 4, 
1986-2002. 
10. N. S. Choi, J.-S. Kim, R. Z. Yin and S. S. Kim, Mater. Chem. Phys., 2009, 116, 603-606. 
11. H. S. Kim and B. W. Cho, Bull. Korean Chem. Soc., 2010, 31, 1267-1269. 
12. J. H. Song, H. J. Park, K. J. Kim, Y. N. Jo, J. S. Kim, Y. U. Jeong and Y. J. Kim, J. Power 
Sources, 2010, 195, 6157-6161. 
13. A. R. Armstrong, C. Lyness, P. M. Panchmatia, M. S. Islam and P. G. Bruce, Nat. Mater., 2011, 
10, 223-229. 
14. W. T. Kim, Y. U. Jeong, H. C. Choi, Y. J. Kim, J. H. Song, H. Lee and Y. J. Lee, J. Appl. 
Electrochem., 2011, 41, 803-808. 
15. S. Lee, H. S. Kim and T. Y. Seong, J. Alloys Compd., 2011, 509, 3136-3140. 
16. F. Pourpoint, X. Hua, D. S. Middlemiss, P. Adamson, D. Wang, P. G. Bruce and C. P. Grey, 
Chem. Mater., 2012, 24, 2880-2893. 
Chapter 2  
50 
 
17. B. Gędziorowski, Ł. Kondracki, K. Świerczek and J. Molenda, Solid State Ionics, 2014, 262, 
124-127. 
18. P. M. Panchmatia, A. R. Armstrong, P. G. Bruce and M. S. Islam, Phys. Chem. Chem. Phys., 
2014, 16, 21114-21118. 
19. M. M. Thackeray, L. A. Depicciotto, W. I. F. David, P. G. Bruce and J. B. Goodenough, J. Solid 
State Chem., 1987, 67, 285-290. 
20. F. D. Hardcastle, I. E. Wachs, H. Eckert and D. A. Jefferson, J. Solid State Chem., 1991, 90, 
194-210. 
21. G. T. K. Fey and D. L. Huang, Electrochim. Acta, 1999, 45, 295-314. 
22. C. Julien, M. Massot and C. Pérez-Vicente, Mater. Sci. Eng. B, 2000, 75, 6-12. 
23. M. S. Bhuvaneswari, S. Selvasekarapandian, O. Kamishima, J. Kawamura and T. Hattori, J. 
Power Sources, 2005, 139, 279-283. 
24. J. H. Lehman, M. Terrones, E. Mansfield, K. E. Hurst and V. Meunier, Carbon, 2011, 49, 
2581-2602. 
25. K. S. Munir, M. Qian, Y. Li, D. T. Oldfield, P. Kingshott, D. M. Zhu and C. Wen, Adv. Eng. 
Mater., 2015, 17, 1660-1669. 
26. P. Delhaes, M. Couzi, M. Trinquecoste, J. Dentzer, H. Hamidou and C. Vix-Guterl, Carbon, 
2006, 44, 3005-3013. 
27. H.-S. Kim, S.-O. Kim, Y.-T. Kim, J.-K. Jung, B.-K. Na and J.-K. Lee, Bull. Korean Chem. Soc., 
2012, 33, 65-68. 
28. J. Yi, J. Key, F. Wang, Y. G. Wang, C. X. Wang and Y. Y. Xia, Electrochim. Acta, 2013, 106, 
534-540. 
29. M. Demeter, M. Neumann and W. Reichelt, Surf. Sci., 2000, 454, 41-44. 
30. B. M. Reddy, P. M. Sreekanth, E. P. Reddy, Y. Yamada, Q. Xu, H. Sakurai and T. Kobayashi, J. 
Phys. Chem. B, 2002, 106, 5695-5700. 
Chapter 2  
51 
 
31. N. K. Nag and F. E. Massoth, J. Catal., 1990, 124, 127-132. 
32. M. A. Eberhardt, A. Proctor, M. Houalla and D. M. Hercules, J. Catal., 1996, 160, 27-34. 
33. V. Bondarenka, S. Grebinskij, S. Kaciulis, G. Mattogno, S. Mickevicius, H. Tvardauskas, V. 
Volkov and G. Zakharova, J. Electron. Spectrosc. Relat. Phenom., 2001, 120, 131-135. 
34. G. Silversmit, D. Depla, H. Poelman, G. B. Marin and R. De Gryse, J. Electron. Spectrosc. 
Relat. Phenom., 2004, 135, 167-175. 
35. J. Mendialdua, R. Casanova and Y. Barbaux, J. Electron. Spectrosc. Relat. Phenom., 1995, 71, 
249-261. 
36. N. Ibris, A. M. Salvi, M. Liberatore, F. Decker and A. Surca, Surf. Interface Anal., 2005, 37, 
1092-1104. 
37. V. I. Nefedov, M. N. Firsov and I. S. Shaplygin, J. Electron. Spectrosc. Relat. Phenom., 1982, 
26, 65-78. 
38. M. Sathiya, A. S. Prakash, K. Ramesha, J. M. Tarascon and A. K. Shukla, J. Am. Chem. Soc., 
2011, 133, 16291-16299. 
39. D. L. Legrand, H. W. Nesbitt, and G. M. Bancroft, Am. Mineral., 1998, 83, 1256–1265. 
40. D. Zhao and M. Cao, ACS Appl. Mater. Inter., 2015, 7, 25084-25093. 
41. Y. G. Guo, J. S. Hu and L. J. Wan, Adv. Mater., 2008, 20, 2878-2887. 
42. Y. Wang and G. Cao, Adv. Mater., 2008, 20, 2251-2269. 
43. M. G. Kim and J. Cho, Adv. Funct. Mater., 2009, 19, 1497-1514. 
44. M. Pramanik, C. Li, M. Imura, V. Malgras, Y. M. Kang and Y. Yamauchi, Small, 2016, 12, 
1709-1715. 
45. Y. Shi, J. Z. Wang, S. L. Chou, D. Wexler, H. J. Li, K. Ozawa, H. K. Liu and Y. P. Wu, Nano 
Lett., 2013, 13, 4715-4720. 
46. C. K. Zhang, H. Q. Song, C. F. Liu, Y. G. Liu, C. P. Zhang, X. H. Nan and G. Z. Cao, Adv. 
Funct. Mater., 2015, 25, 3497-3504. 
Chapter 2  
52 
 
47. Y. Chen, X. Li, K. Park, J. Song, J. Hong, L. Zhou, Y. W. Mai, H. Huang and J. B. Goodenough, 
J. Am. Chem. Soc., 2013, 135, 16280-16283. 
48. V. Malgras, Q. Ji, Y. Kamachi, T. Mori, F. Shieh, K. C. W. Wu, K. Ariga and Y. Yamauchi, Bull. 
Chem. Soc. Jpn., 2015, 88, 1171–1200. 
49. K. Ariga, A. Vinu, Y. Yamauchi, Q. Ji and J. P. Hill, Bull. Chem. Soc. Jpn., 2012, 85, 1-32. 
50. A. Vinu, K. Z. Hossain and K. Ariga, J. Nanosci. Nanotech., 2005, 5, 347–371. 
51. A. Vu, Y. Q. Qian and A. Stein, Adv. Energy Mater., 2012, 2, 1056-1085. 
52. Y. S. Hu, P. Adelhelm, B. M. Smarsly, S. Hore, M. Antonietti and J. Maier, Adv. Funct. Mater., 
2007, 17, 1873-1878. 
53. K. Tokumitsu, A. Mabuchi, H. Fujimoto and T. Kasuh, J. Electrochem. Soc., 1996, 143, 
2235-2239. 
54. Y. P. Wu, C. R. Wan, C. Y. Jiang, S. B. Fang and Y. Y. Jiang, Carbon, 1999, 37, 1901-1908. 
55. F. Cheng, Z. Tao, J. Liang and J. Chen, Chem. Mater., 2008, 20, 667-681. 
56. M. V. Reddy, G. V. Subba Rao and B. V. R. Chowdari, Chem. Rev., 2013, 113, 5364-5457. 
57. P. Mei, M. Pramanik, J. Lee, T. Takei, Y. Ide, M. S. Hossain, J. H. Kim and Y. Yamauchi, Phys. 
Chem. Chem. Phys., 2017, 19, 9156-9163. 
 
Chapter 3  
53 
 
 
Chapter 3. Two-Dimensional Mesoporous Vanadium 
Phosphate Nanosheets through Liquid Crystal 
Templating Method toward Supercapacitor Application 
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3.1. Introduction  
Mesoporous architectures have attracted significant interests in material science research due to their 
high surface area, large void space and tunable pore sizes, as well as enticing abilities to 
accommodate and interact with nanoscale guest species (e.g., ions, molecules), which endue them 
with diverse utilities in a vast number of applications ranging from sensors, adsorption, separation, 
catalysis, biotechnology to energy storage and conversion.
1-3
 The pioneering discovery of 
mesoporous silica in the 1990s has triggered an upsurge of research in the synthesis, characterization 
and application of mesoporous materials.
4, 5
 Strikingly, the lyotropic liquid crystals (LLC) formed by 
surfactants at high concentrations, have been proposed as a soft template and provided new ways to 
enable directed synthesis of new silica- and non-silica-based materials with desirable mesoporous 
architectures and controllable porosity, which outperform the complicated, costly, and industrially 
unfeasible hard-template method.
6-12
 Despite the enormous advancements made by the LLC method, 
this method was primarily used to prepare mesoporous silicas, metals, alloys, and few selected metal 
oxides and sulfides. The extension of the LLC-templating strategy to the synthesis of mesoporous 
metal phosphates has not yet been demonstrated and such method may provide great scientific and 
applicative value. 
Vanadium phosphates, a fascinating family of compounds with fertile structural chemistry, have 
attracted tremendous attention owing to their excellent catalytic activities towards selective oxidation 
of hydrocarbons and other reactions.
13, 14
 The typical and simplest vanadium phosphate, VOPO4, has 
recently been discovered to exhibit exciting potential for energy storage devices. Layered VOPO4 
compound possesses unique open 2D or 3D framework, which is potentially attractive for cation 
(e.g., lithium or sodium) intercalation.
15
 With the introduction of more electronegative (PO4)
3-
 anion, 
the vanadium redox couples V
4+
/V
5+
 and/or V
3+
/V
4+
 could provide a higher potential than simple 
oxides and thereby, enhance the energy density of the devices.
16
 Therefore, as a prospective electrode 
material, VOPO4 has attracted extensive research interests for lithium/sodium-ion batteries 
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(LIBs/SIBs).
17-23
 Nevertheless, the utilization of VOPO4 in other energy storage devices, such as 
supercapacitors, is rarely explored and the current knowledge in terms of supercapacitive 
performance and charge storage mechanism of VOPO4 is rather limited.
24-27
 While several exquisite 
two-dimensional (2D) VOPO4 nanosheets have been synthesized,
25, 27
 the limited surface area has 
restricted them to reaching their full potential as energy materials. It has been well documented that 
mesoporous architectures can provide some unique advantages for supercapacitor applications, 
including rapid and easy access to abundant redox active sites arising from the high surface area, 
nanoscale dimensions, and interconnected mesostructured.
28
 Although there have been several 
reports on the synthesis of mesostructured vanadium phosphorus oxides,
29-31
 these compounds 
generally contain large amount of insulating surfactant residues and non-stoichiometric compositions 
that render them virtually unattractive for energy storage devices. Therefore, the synthesis of 
organic-free mesoporous VOPO4 nanosheets as high-performance electrode for supercapacitors, as 
well as their reaction mechanism study, could be very advantageous for increasing the diversity and 
power deliverability of current energy storage systems. 
In this chapter, I have reported the first case of mesoporous VOPO4 nanosheets (with no organic 
residues) synthesized via a facile and reproducible LLC-templating method. In the proposed method, 
triblock copolymer (P123) is adopted as a surfactant and a precursor material with well-developed 
2D hexagonal mesostructure is attained. Upon the complete removal of the template by calcination, 
δ-VOPO4 nanosheets with less-ordered mesoporous structure and crystallized frameworks are 
obtained. The as-prepared mesoporous VOPO4 nanosheets exhibit both superior pseudocapacitance 
and rate capability compared to the bulk counterpart, with comparable performance to some reported 
vanadium phosphate/graphene composite and metal phosphates. Furthermore, I have experimentally 
demonstrated that the charge storage mechanism of the mesoporous VOPO4 nanosheets is based on 
the reversible two-step redox reactions between V(V) and V(III).  
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3.2. Experimental Sections  
3.2.1 Materials  
Vanadyl acetylacetonate (VO(C5H7O2)2, 98 wt%) and triblock copolymer, poly(ethylene 
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (Pluronic P123, Mav = 5800) were 
provided by Sigma Aldrich. Phosphoric acid (H3PO4, 85 wt%), hydrochloric acid (HCl, 36 wt%), 
sulfuric acid (H2SO4, 1 mol/L) and ethanol were purchased from Nacalai Tesque. All chemical 
reagents were used as received without further purification. 
 
3.2.2 Synthesis  
In a typical synthetic process of mesoporous vanadium phosphate (VOPO4, abbreviated as VPO) 
nanosheets, 0.5 g of Pluronic P123 was firstly dissolved in 10 mL ethanol acidified with 0.66 g HCl 
solution at room temperature, followed by 2 h of mild magnetic stirring. Next, 1 mmol of H3PO4 
solution was added into the mixture solution under stirring. In a separate bottle, 1 mmol of 
VO(C5H7O2)2 was dissolved in 20 mL of ethanol under sonication, and was then added dropwisely 
into the above mixture solution. The stirring was continued for another 6 h, and then, the mixture 
was kept statically in an oven at 60°C until blackish green gel-like precursor was formed. Finally, the 
as-obtained gel was calcined in air at 450°C for 4 h to obtain the mesoporous VPO nanosheets. For 
comparison, bulk VPO material was also prepared in the absence of P123 using similar procedures. 
 
3.2.3. Characterizations  
Wide-angle powder X-ray diffraction (XRD) patterns were recorded with a RIGAKU Rint 2000 
diffractometer, using monochromatic Cu-Kα radiation (40 kV, 40 mA). Low-angle XRD patterns 
were acquired from a RIGAKU SmartLab. Scanning electron microscope (SEM) images were 
acquired from a Hitachi SU-8000 field emission SEM operated at 5 kV. Transmission electron 
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microscope (TEM) observations were conducted on a JEM-2100F TEM system operated at an 
accelerating voltage of 200 kV. Nitrogen adsorption-desorption analysis was performed using a 
Belsorp-mini II Sorption System. X-ray photoelectron spectroscopy (XPS) was implemented on a 
PHI Quantera SXM apparatus. All binding energies were calibrated by referencing to the C 1s line 
(285 eV). Fourier transform infrared (FTIR) spectra were collected on a Thermo scientific Nicolet 
4700 spectrometer. Thermogravimetric analyses (TGA) were carried out on a Hitachi HT-Seiko 
Instrument with a heating rate of 3 °C min
-1
 in air. 
 
3.2.4. Electrochemical Measurements  
All the electrochemical measurements in this chapter were performed using an electrochemical 
workstation (CHI 660E, CH Instruments, USA) with a standard three-electrode system with platinum 
electrode as the counter electrode and saturated calomel electrode as the reference electrode. The 
working electrode was fabricated by casting the slurry composed of 80 wt% VPO sample, 10 wt% 
conductive carbon, and 10 wt% polyvinylidene fluoride onto graphite substrate (1 cm
2
), and then 
dried in a vacuum oven at 80°C overnight. The mass loading of active material is fixed at around 1 
mg. 1 M H2SO4 solution was used as electrolyte.  
The cyclic voltammetry (CV) curves were recorded in the potential window of 0.0 – 1.0 V at 
various scan rates ranging from 2 to 100 mV s
-1
. The galvanostatic charge-discharge profiles were 
collected in the same potential range at different constant current densities (0.5 – 20 A g-1). The 
specific capacitance of the electrode materials can be calculated from the charge-discharge data using 
the following equation: 
𝐶 =
𝐼 × ∆𝑡
𝑚 × ∆𝑉
 
where C is the specific capacitance (F·g
-1
), m is the mass of the electrode material (g), ∆𝑡 is the 
discharge time (s), ∆𝑉 is the potential window (V), and I is the current (A). The electrochemical 
impedance spectroscopy (EIS) measurement was carried out at open-circuit potential in the 
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frequency range of 10
5
 – 10-2 Hz with an applied perturbation signal of 5 mV. 
 
3.3. Results and Discussion  
The low-angle X-ray diffraction (XRD) pattern of the gel-like precursor prepared in the presence of 
P123 is shown in Figure 3.1, presenting three well-defined diffraction peaks. A fairly intense 100 
peak is monitored at 2 = 0.68° (d100 = 12.97 nm), with additional higher order 110 and 200 peaks at 
1.16° and 1.36°, respectively. All these reflections can be assigned to the periodic 2D hexagonal 
mesostructure of the precursor, laying a solid foundation for the formation of mesoporous VPO 
material after post-synthesis heat treatment. Upon calcination, the precursor species reacted with 
each other to produce vanadium phosphate surrounding the ordered mesostructured framework 
assembled by the P123 micelles (Scheme 3.1). Eventually with the removal of template by 
calcination, well-defined mesopores are introduced into the structure. The wide-angle XRD pattern 
of the obtained VPO sample is shown in Figure 3.2a. The main distinct diffraction peaks can be 
well-indexed to the known δ-phase of VOPO4 (JCPDS No. 47-0951).
18, 32
 δ-VOPO4 is generally 
reported to have a layered structure, built up from planes of VO6 octahedra linked by independent 
PO4 tetrahedra through sharing vertices,
33, 34
 as depicted in the inset of Figure 3.2a. The average 
crystallite size of the VPO sample is estimated to be ~ 8.18 nm, by using the Scherrer equation (D = 
0.9λ/(β cos θ)), where D is the mean size of the crystalline domains (Å), λ is the X-ray wavelength 
(Cu Kα = 1.5406 Å), β is the full width at half-maximum (FWHM) in radians, and θ is the Bragg 
diffraction angle. The visible peak broadening of the δ-VOPO4 is indicative of the formation of 
nanoscale morphology, which has been verified in the latter part. The low-angle XRD pattern of the 
obtained VPO sample is presented in Figure 3.2b. One single broad peak can be observed at around 
1.71° with no higher order peaks, revealing the existence of a less-ordered mesostructured.
35
 In other 
words, the long-range ordering of the parent mesostructure has been disrupted to some extent after 
the calcination of the precursor. The single broad peak in the low-angle region is relevant to the 
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characteristic distribution maximum of the nearest-neighbor pore-center-to-pore-center distance 
between the disordered pores.
36
 The peak at about 2 = 1.71° for the VPO sample corresponds to an 
interpore separation of 5.16 nm. In comparison, the bulk VPO sample prepared in the absence of 
P123 does not exhibit any diffraction peaks in the low-angle XRD pattern (Figure 3.3), which 
indicates the crucial role of the P123 template for inducing the formation of mesopores.  
 
 
Scheme 3.1 Schematic illustration depicting the synthesis process of VOPO4 nanosheets with 
less-ordered mesoporous structure and crystallized frameworks.  
 
 
Figure 3.1 (a) Low-angle XRD pattern and (b) TEM image of the precursor prepared in the presence 
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of P123, showing ordered reflections and visible mesochannels, respectively. The photograph of 
highly viscous LLC is shown as an inset.  
 
 
Figure 3.2. (a) Wide-angle and (b) low-angle XRD patterns of the VPO sample prepared in the 
presence of P123.  
 
 
Figure 3.3 Low-angle XRD pattern of the bulk VPO prepared in the absence of P123.  
 
The morphology of the VPO sample was examined by scanning electron microscope (SEM). 
The representative SEM images of the VPO sample prepared in the presence of P123 are shown in 
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Figure 3.4a-b, showing uniform sheet-like morphology with an average thickness of 8-10 nm and a 
lateral size of several hundred nanometers. While for the bulk VPO material prepared in the absence 
of P123, the SEM images in Figure 3.5 reveals its irregular morphology consisting of several 
aggregated particles. Transmission electron microscope (TEM) was utilized to provide direct and 
in-depth observations of the internal microstructure of the VPO nanosheets. A closer look at the 
mesostructure of the VPO nanosheets presents visible mesopores whose diameter mostly ranges 
between 4-5 nm (Figure 3.4c-e). The HRTEM image in Figure 3.4f exhibits well-resolved lattice 
fringes with an interplanar distance of 0.407 nm, corresponding to the (111) crystal planes of 
δ-VOPO4. The selected-area electron diffraction (SAED) pattern in Figure 3.4e represents a series of 
concentric rings made of small bright spots, revealing the polycrystalline nature of the VPO 
nanosheets.
37
 The interplanar spacings calculated from the characteristic SAED patterns can be 
assigned to the (020), (031) and (040) lattice planes of δ-VOPO4, respectively. The elemental 
mapping (Figure 3.6a) clearly displays the homogeneous distribution of vanadium, phosphorus and 
oxygen throughout the selected region of the VPO nanosheets, while the energy-dispersive X-ray 
(EDX) spectrum (Figure 3.6b) gives a rough V/P atomic ratio of 1.1:1.0, which is in good agreement 
with the stoichiometric composition acquired from the crystallographic data. The bulk VPO was also 
checked by TEM for further comparison (Figure 3.7), however no mesopores were detected 
throughout the specimen, which strongly suggests the pivotal templating function of P123 for 
constructing the mesoporous structure. The porosity of the VPO nanosheets was further characterized 
by N2 adsorption-desorption measurements. The obtained curve can be identified as a typical type IV 
isotherm with a hysteresis loop (Figure 3.8a).
38
 The The Brunauer-Emmett-Teller (BET) surface area 
is measured to be ~ 18 m
2
 g
-1
. The corresponding pore size distribution curve (Figure 3.8b) obtained 
by the Barrett-Joyner-Halenda (BJH) method exhibits a sharp peak around 5 nm, a narrow peak 
centered at ~ 2.5 nm.  
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Figure 3.4 (a, b) SEM images of the VPO sample prepared in the presence of P123 showing 
sheet-like morphology. (c, d) TEM images of the VPO nanosheets indicating the less-ordered 
mesoporous structure. (e, f) HRTEM image and SAED pattern of a single VPO nanosheet showing 
the polycrystalline nature.  
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Figure 3.5 SEM images of the bulk VPO prepared in the absence of P123 showing irregular 
morphology.  
 
 
Figure 3.6 (a) Elemental mapping and (b) EDX spectrum of the mesoporous VPO nanosheet.  
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Figure 3.7 TEM images of the bulk VPO showing non-porous structure.  
 
 
Figure 3.8 (a) N2 adsorption-desorption isotherms and (b) the corresponding pore size distribution 
curve of the mesoporous VPO nanosheets.  
 
The skeletal bonding of the mesoporous VPO nanosheets was studied by Fourier transform 
infrared (FTIR) spectroscopy. The bands at around 3000 – 3600 cm-1 and the sharp band at 1618 cm-1 
can be attributed to the surface-adsorbed water and hydroxyl groups (Figure 3.9a). The low wave 
number region of the spectrum is enlarged in Figure 3.9b. The pronounced band at 683 cm
-1
 can be 
credited to the characteristic V-O-P bending vibration.
26, 39-41
 Two strong bands at 1083 cm
-1
 and 952 
cm
-1
 and the adjacent shoulder at 994 cm
-1
 are attributed to the asymmetric stretching mode of PO4 
tetrahedral group, while the small band at 1169 cm
-1
 originates from the anti-symmetric stretching 
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mode of PO4 group.
42-45
 Additionally, one weak band is observed at 1037 cm
-1
, which may be 
indexed to the stretching vibration of V=O group.
42, 46-47
  
 
 
Figure 3.9 FTIR spectra of the mesoporous VPO nanosheets.  
 
Furthermore, the aging and calcination processes of the as-obtained precursor were monitored 
to shed some light on the possible formation steps of VPO via joint observation of FTIR and 
wide-angle XRD (Figure 3.10 and 3.11). The FTIR spectra display diagnostic bands corresponding 
to phosphate species and surface species. The reaction between the vanadium precursor and 
phosphoric acid is an acid-base reaction that forms many intermediate species in the fresh gel-like 
precursor. The FTIR spectrum of the gel-like precursor displays a band at around 1720 ~ 1730 cm
-1
, 
which is due to the acetylacetonate group on the surface of the amorphous VO(HxPO4)n species. This 
band becomes increasingly more intense at 150°C and almost vanishes at around 250°C, indicating 
that acetylacetonate ions remain on the surface as a capping agent which controlled the formation 
process. The surfactant signals (2500-2900 cm
-1
 and 1200-1400 cm
-1
) remain unchanged up to 150°C 
but disappear at 250°C. The phosphate region also does not show much changes up to 150 °C and the 
intensity of the main broad band at ~ 1000 cm
-1
 in the low wavenumber range increases with further 
annealing. These observations reveal that the pre-formed acetylacetonate-capped amorphous 
intermediate species are stable up to 150°C. At 250°C, the bands in the phosphate region get 
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broadened and unresolved, indicating the presence of various phosphate species. The material 
remains amorphous up to 250°C and forms a crystalline species at 350°C, at which the phosphate 
region displays better resolved bands in the corresponding FTIR spectrum. The FTIR spectra do not 
change significantly from 350 to 450°C, but the diffraction patterns correspond well to 
nanocrystalline VOPO4. The first sharp XRD peaks at 350°C may be due to VOHPO4·xH2O species, 
which disappears with further heating to form VOPO4 (the weight loss of intercalated water 
molecules can be observed from the TG curve in Figure 3.12). As seen from the spectral changes at 
various temperatures in the water region (3000-3600 cm
-1
), the water content of the samples 
increases up to 250 °C and then, gradually decreases with further heating, thereby indicating the 
formation of many hydroxyl sides due to HPO4
2-
 and H2PO4
-
 species in the pore walls. With further 
condensation of these species to form VOPO4, it is likely that the pore walls grow and crystallize into 
VOHPO4·xH2O and transform into VOPO4 at higher temperatures. However, even at 450°C, many 
V-OH or P-OH species are still visible in the FTIR spectra. The sharp band at ~ 3600 cm
-1
 is due to 
isolated O-H stretching vibration. With heating, they may not be accessible to water to form 
hydrogen bonding that broadens and shifts these signals to lower wavenumber.  
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Figure 3.10 FTIR spectra of the precursor and the VPO samples obtained after calcination of the 
precursor samples at different temperatures.  
 
Figure 3.11 Wide-angle XRD patterns of the precursor and the VPO samples obtained after 
Chapter 3  
68 
 
calcination of the precursor samples at different temperatures.  
 
 
Figure 3.12 TG curves of the precursor and mesoporous VPO nanosheets, indicating the complete 
removal of the template after calcination.  
 
The surface chemistry of the as-prepared mesoporous VPO nanosheets was investigated by 
X-ray photoelectron spectroscopy (XPS). The survey spectrum (Figure 3.13a) ascertains the 
existence of vanadium, phosphorus, and oxygen in the sample. The calculated atomic ratio of V/P is 
1.0:0.8, which is very close to the stoichiometric ratio. The high-resolution XPS spectrum of V 2p is 
shown Figure 3.13b, representing a typical two-peak pattern with a spin-orbit splitting of ~ 7.4 eV, as 
expected from V 2p3/2 and V 2p1/2 components of the doublet.
48
 The binding energy (BE) associated 
with V 2p3/2 is commonly used to identify the valence states of vanadium species at the surface of the 
material.
49
 As for the pristine mesoporous VPO, the intense V 2p3/2 peak is located at 518.0 eV, 
which is assignable to the V
5+
 species in vanadium phosphate compounds as reported.
50-52
 The sharp 
peak centered at 133.9 eV in Figure 3.13c originates from the P 2p energy level and can be regarded 
as diagnostic of the pentavalent tetra-bonded phosphorus in phosphate materials.
50, 53
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Figure 3.13 XPS spectra of the as-prepared mesoporous VPO: (a) survey spectrum; (b) V 2p 
spectrum; (c) P 2p spectrum.  
 
Herein, I have evaluated the electrochemical performance of the as-prepared mesoporous VPO 
nanosheets as electrode material for supercapacitors and compared their performance with bulk VPO. 
The capacitive behavior of the VPO sample was initially studied by cyclic voltammetry (CV) using a 
three-electrode configuration in 1 M H2SO4 electrolyte. Figure 3.14a shows the first few cycles of 
CV curves of the mesoporous VPO electrode at a scan rate of 2 mV s
-1
 between 0.0 – 1.0 V. Distinct 
from the quasi-rectangular CV response which is signature of double layer capacitance, the 
mesoporous VPO electrode exhibits distinguishable peak-shaped CV curves corresponding to typical 
pseudocapacitive behavior.
54, 55
 All the CV curves have completely coincided with each other 
throughout the initial cycling, with the two pairs of pronounced redox peaks remain well preserved, 
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suggesting the superb reversibility of the Faradaic redox reactions involved in the mesoporous VPO 
electrode.  
 
 
Figure 3.14 (a) Cyclic voltammograms (first 7 cycles) of the mesoporous VPO at a scan rate of 2 
mV s
-1
 in the voltage window of 0.0 – 1.0 V; Galvanostatic charge-discharge curves of (b) 
mesoporous VPO and (c) bulk VPO at various current densities from 0.5 to 10 A g
-1
; (d) Comparison 
of the specific capacitances of mesoporous VPO (red bar) and bulk VPO (blue bar) at various scan 
rates.  
 
As evidenced by XPS earlier, the only vanadium species in the pristine mesoporous VPO is 
V(V). Based on the E-pH diagram of the system V-O-H,
56, 57
 it is reasonable to infer that the two 
cathodic peaks here (0.715 V, 0.372 V) are presumably due to the reduction of V(V) to V(IV) and 
V(IV) to V(III), respectively, while the anodic peaks correspond to the reverse oxidation processes.
58
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In support of my inference, I have conducted ex situ XPS analysis on the mesoporous VPO after 
being discharged to different cut-off voltages. Figure 3.15a and b depicts the high-resolution V 2p3/2 
spectra of the VPO electrodes discharged to 0.6 V and 0.2 V, respectively. The significant broadening 
of the V 2p3/2 peaks possibly indicates the presence of vanadium species with multiple valences.
59
 In 
order to separate the vanadium species into different chemical states, the V 2p3/2 peaks have been 
deconvoluted into several different contributions via Lorentzian-Gaussian fitting after Shirley 
background subtraction. In the case of the VPO electrode discharged to 0.6 V (Figure 3.15a), it is 
noteworthy that the contribution with the lowest BE (516.4 eV) is assignable to the V
4+
 2p3/2 
component,
48, 60
 which provides positive evidence for the occurrence of reduction of V(V) to V(IV). 
Other two contributions with higher BE (518.0 eV, 517.4 eV) can be attributed to the V
5+
 2p3/2 
components in different chemical environment: the former one is common in vanadium phosphate 
materials as described earlier; the latter one is more likely due to the vanadium oxide compounds 
from surface oxidation.
60, 61
 In the case of the VPO electrode discharged to 0.2 V (Figure 3.15b), 
most notably, the contribution with the lowest BE (515.5 eV) is ascribable to the V
3+
 2p3/2 
component,
48-49, 62
 which offers strong support for my hypothesis about the further reduction of 
V(IV) to V(III). The rest of the contributions here have the same assignments with the former case. 
Thus, it can be reasonably concluded that the charge storage mechanism here should be based on the 
reversible two-step redox reactions between V(V) and V(III), which is expected to provide excellent 
pseudocapacitance.  
The cyclic voltammograms of the VPO electrodes were further recorded at various scan rates 
from 2 to 100 mV s
-1
 (Figure 3.16). The mesoporous and bulk VPO electrodes exhibit nearly 
identical CV shape and peak positions, indicating the same possible redox reaction mechanism in 
both cases. It is noted that the peak current augments with the scan rate, implying that the charge 
storage process involves semi-infinite diffusion controlled redox reactions.
63
 Furthermore, the 
integral area of the CV curves of the mesoporous VPO is always higher than that of the bulk VPO at 
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each scan rate, suggesting the enhanced charge storage capability of the as-prepared mesoporous 
VPO.  
 
 
Figure 3.15 V 2p3/2 spectra of the mesoporous VPO electrodes discharged to different cut-off 
voltages: (a) 0.6 V and (b) 0.2 V.  
 
 
Figure 3.16 Cyclic voltammograms of (a) mesoporous VPO and (b) bulk VPO at different scan rates 
from 2 to 100 mV s
-1
.  
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Figure 3.17 Cycling stability of the mesoporous VPO at a scan rate of 100 mV s
-1
.  
 
The galvanostatic charge-discharge measurements were performed for both mesoporous VPO 
and bulk VPO at different current densities in the same electrode system and voltage window, as 
depicted in Figure 3.14b-c. The non-linear charge-discharge curves with distinguishable plateau 
could be a hint that the charge is stored in electrode based on Faradaic redox reactions, reconfirming 
the pseudocapacitive nature of the VPO materials in the present condition.
41, 63-64
 Additionally, the 
observed two pairs of charge and discharge plateau remain consistent with the redox peaks in CV 
curves, further demonstrating the reversibility of the two-step redox reactions involved in the 
charge-discharge process. Figure 3.14d compares the calculated specific capacitances of the two 
VPO electrodes. In the case of the mesoporous VPO, the specific capacitance can reach up to 767 F 
g
-1
 at 0.5 A g
-1
. With the increase in current density, the mesoporous VPO is still capable of 
delivering appreciable capacitances of 718, 624, 434, 328, and 283 F g
-1
 at 1, 2, 5, 8, 10 A g
-1
, 
respectively. While for the bulk VPO, the corresponding capacitance values are merely 481, 348, 245, 
134, 96, and 83 F g
-1
 at the same rates. The above results show that mesoporous VPO can easily 
outperform its bulk counterpart in both capacitance and rate capability. Furthermore, the superior 
pseudocapacitive performance of my mesoporous VPO also makes it stand out from many reported 
phosphate materials, even comparable to some VPO/graphene composites (Table 3.1).
25, 27, 41, 65-68
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Durability is another important criterion to evaluate the electrode candidates for supercapacitors. 
Figure 3.17 presents the long-term cycling stability of the mesoporous VPO at 100 mV s
-1
. 
Satisfactorily, the capacitance retention of the mesopores VPO has almost remained at around 100% 
throughout the 4000 repeated cycles, indicating a prominent cycle life of the material.  
The electrochemical impedance spectroscopy (EIS) study was conducted to gain deeper insights 
into the electrochemical behavior of the VPO samples. Similar Nyquist plots were acquired for both 
mesoporous VPO and the bulk VPO, as illustrated in Figure 3.18. In the high-to-medium frequency 
region, the depressed semicircle is correlated with the charge-transfer resistance (Rct).
69
 The smaller 
semicircle diameter of the mesoporous VPO indicates that its Rct is definitely lower than its bulk 
counterpart, which is favorable for fast Faradaic redox reactions. While in the low frequency area, 
the inclined straight line is relevant to the ion diffusion process.
70, 71
 Generally, the deviation from an 
ideal vertical line to phase angles below 90° is regarded as an indication of typical pseudocapacitive 
behavior.
72
 In addition, the greater slope of the mesoporous VPO indicates its much lower diffusion 
resistance, which facilitates rapid diffusion of electrolyte ions to the active sites in the electrode.
63
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Table 3.1 Comparison of the supercapacitive performance of the as-prepared mesoporous VPO nanosheets with previously reported phosphate 
materials.  
Sample 
Potential window 
(V) 
Current density  
(A g
-1
) 
Specific capacitance 
(F g
-1
) 
Electrolyte Ref. 
Vanadyl phosphate /reduced graphene oxide 
nanosheet 
-0.5 – 0.3 
0.5 205 0.5 M 
K2SO4 
[25] 
10 139 
VOPO4-Graphene Nanocomposites 0.0 – 0.8 
0.5 528 
6.0 M KOH [27] 
10 < 300 
Vanadyl phosphate/graphene composites -0.1 – 0.9 
0.5 508 1.0 M 
H2SO4 
[41] 
10 359 
Manganese phosphate/graphene foam composite 0.0 – 0.4 
0.5 270 
6.0 M KOH [65] 
10 < 50 
Porous nano/microstructured cobalt pyrophosphate 0.0 – 0.4 
0.625 367 
3.0 M KOH [66] 
6.25 237 
Maricite-NaNiPO4 nanoparticles 0.0 – 0.55 
1 368 1.0 M 
NaOH 
[67] 
5 < 250 
Hierarchical NH4CoPO4·H2O microrods 0.0 – 0.4 
0.625 369 
3.0 M KOH [68] 
6.25 306 
Mesoporous VPO nansosheets 0.0 – 1.0 
0.5 767 1.0 M 
H2SO4 
This 
chapter 10 283 
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Figure 3.18 Nyquist plots of mesoporous VPO (red dot) and bulk VPO (blue dot).  
 
The excellent pseudocapacitive performance of the obtained mesoporous VPO may be 
attributed to the favorable mesoporous architecture with nanosheet morphology, as well as its rich 
redox behavior. The reversible electrochemical transfer reactions between V(V) and V(III) 
fundamentally determine the increased charge storage capability. The incorporation of mesopores can 
give rise to abundant accessible active sites and afford a high infiltration capacity for electrolyte, and 
hence, ensure the sufficient transport of ions/solvent to the active sites, which will significantly 
improve its pseudocapacitance. Furthermore, the uniform nanosheet morphology together with 
interconnected mesopores can cooperatively reinforce the electron transfer and ion diffusion (as 
evidenced by EIS analysis) during the charge-discharge process, and thereby, greatly improve the 
rate performance.  
 
3.4. Conclusion 
In summary, I have demonstrated the feasibility of LLC directed-synthesis of mesoporous vanadium 
phosphate for the first time. The as-prepared VOPO4 nanosheets exhibit relatively disordered 
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mesoporous architectures with crystallized frameworks and are free of surfactant impurities in their 
composition. As a prospective electrode material for supercapacitors, the as-prepared mesoporous 
VOPO4 nanosheets exhibit excellent pseudocapacitive performance (767 F g
-1
 at 0.5 A g
-1
) by virtue 
of their mesoporous architectures and reversible two-step redox reaction mechanism. It is expected 
that the proposed LLC-templating strategy will open up a new path for the easy and reproducible 
synthesis of various mesoporous metal phosphates with superior electrochemical performance for 
energy storage devices.   
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Chapter 4. Highly Ordered Mesostructured Vanadium 
Phosphonate toward Electrode Materials for 
Lithium-Ion Batteries  
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4.1. Introduction  
Chemically designed inorganic-organic hybrid materials have gained ever-increasing research 
interest in the realm of materials science, due to their unique characteristics originating from the joint 
contribution of the inorganic and organic moieties.
1, 2
 Periodic mesoporous organosilicas made their 
debut in 1999, which were regarded as one of the first examples of inorganic-organic hybrids.
3-5
 In 
distinction from simple physical mixtures, the so-called hybrid materials are broadly viewed as 
nanocomposites, in which organic and inorganic constituents are intimately integrated on a molecular 
scale.
6
 Research on the synthesis of mesoporous organosilicas with various functional groups and 
architectures has been blossoming in a remarkable way ever since then.
7, 8
 The introduction of 
mesoporosity into the hybrid framework, accompanied by high surface area, large pore volume, and 
controllable pore size, makes the hybrid materials candidates for practical utilization.
9, 10
 
Nevertheless, the obstacles arising from the high cost and limited options for organosiliane coupling 
molecules, have motivated researchers to find different non-siliceous hybrid mesoporous materials, 
among which, mesostructured metal phosphonates constitute a prominent and intriguing family.
11, 12
 
In virtue of their low cost, easy accessibility, and stable P-C bonds, which are comparable to 
Si-C bonds, phosphonic acids or their corresponding salt and ester derivatives provide quite viable 
alternatives to organosilane coupling molecules for the fabrication of mesoporous hybrid materials. 
Organophosphorus derivatives have excellent affinity toward various metals, and the links between 
the organic and inorganic moieties involve the formation of P-O-M (M = Metal) bonds, the chemical 
and thermal stability of which have been well documented.
13
 The diversity of phosphorus chemistry 
allows tailoring of functionalities via incorporating organics with the desired functionality into the 
pore walls of mesoporous metal phosphonates while controlling the pore diameter of the architecture 
as well.
14, 15
 Due to the scope of versatile engineering, this category of hybrid materials has 
promising applications in various frontier areas of chemical science, including catalysis, adsorption, 
separation, gas storage, sensors, biotechnology, and photoelectrochemistry.
16-21
 In this context, by 
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proper selection of organic functionalities in the hybrid framework, I might stand a fair chance of 
fabricating desirable electrode materials for energy storage devices, such as lithium ion batteries 
(LIBs), which play an important role in the sustainable energy application field. Typically, 
mesoporous metal phosphonates could be achieved by fusing organophosphorus linkages with 
metallic joints through template-free self-assembly or a surfactant-mediated strategy.
22
 Still, the 
construction of highly ordered mesostructure within metal phosphonates remains a perpetual 
challenge on account of the rapid hydrolysis of inorganic precursor in the highly acidic phosphonic 
acid medium, which makes it difficult to maintain suitable interactions between the precursors and 
the micelles.
23
 Hence, only a very few selected metal phosphonates with ordered mesoporous 
structure have been reported so far, with metals including aluminum
24-26
, titanium
27-30
, iron
12
, tin
31
, 
and vanadium
11
,.  
In this chapter, I have focused on the synthesis of highly ordered mesoporous vanadium 
phosphonates (MVP), which have very interesting applicability in conventional chemical research 
due to their excellent catalytic and electrochemical properties.
11,32,33
 Previous work has reported the 
synthesis of mesoporous vanadium phosphonate by using the non-ionic triblock copolymer F127 as 
template, although this microwave assisted synthetic procedure requires drastic conditions and 
multiple steps.
11
 From the viewpoint of synthesis, it is still a significant challenge to prepare 
mesostructured vanadium phosphonate with highly ordered structure and various organic 
functionalities via a one-step, convenient, and economical approach. Herein, I report an easily 
accessible and highly reproducible synthetic procedure for the synthesis of mesoporous VP with 
highly ordered structure by using cetyltrimethylammonium bromide (CTAB) as a soft template and 
nitrilotris(methylene)triphosphonic acid (NMPA) as the organophosphorus coupling molecule. This 
preliminary electrochemical experiment proves that the hexagonally ordered mesoporous VP has 
superior activity and stability compared to bulk VP (VP-B) as an electrode material for LIBs. 
Mesoporous VP electrodes exhibit high reversible specific capacity with appreciable cycling stability 
Chapter 4  
86 
 
(100 cycles) and excellent retention of capacity (92 %). All the results indicate that the obtained new 
mesoporous VP materials have great applicability as inexpensive electrode material for LIBs, due to 
several advantages, including large contact area with electrolyte, high structural stability, and short 
transport paths for lithium ions. 
 
4.2. Experimental Sections 
4.2.1. Materials  
Ammonium metavanadate (NH4VO3, 99 wt%) and sodium metavanadate (NaVO3, 98 wt%) were 
supplied by Nacalai Tesque, Inc. Tetramethylammonium hydroxide solution (TMAOH, 25 wt% in 
H2O), nitrilotris(methylene)triphosphonic acid (NMPA, 50 wt% in H2O) and 
cetyltrimethylammonium bromide (CTAB) were provided by Sigma-Aldrich Co. LLC. All chemical 
reagents were used as received without further purification. 
 
4.2.2. Characterizations  
The morphologies were observed by a Hitachi SU-8000 field emission scanning electron microscope 
(SEM) at an accelerating voltage of 5 kV. The interior microstructures were investigated with a JEOL 
JEM 2100F transmission electron microscope (TEM) operated at 200 kV. Wide-angle powder X-ray 
diffraction (XRD) patterns were recorded on a RIGAKU Rint 2000 diffractometer equipped with 
monochromatic Cu Kα radiation (40 kV, 40 mA). Small-angle X-ray scattering (SAXS) 
measurements were performed with a NANO-Viewer (Rigaku Corp.) attached to a 
high-resolution/sensitivity 2D X-ray detector. Fourier transform infrared (FT-IR) spectra were 
collected on a Thermoscientific Nicolet 4700 spectrometer using the KBr pellet technique. X-ray 
photoelectron spectroscopy (XPS) was implemented on a JEOL JPS-9010 instrument. All binding 
energies were calibrated in relation to the C 1s line from adventitious carbon (285 eV). 
Thermogravimetric analysis (TGA) was carried out on a Hitachi HT-Seiko Instrument at a ramping 
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rate of 3°C min
-1
 under flowing N2.  
 
4.2.3. Electrochemical Measurements  
The electrochemical properties were studied with CR2032 coin-type half-cells assembled in a glove 
box filled with inert gas. The working electrode was fabricated by casting the electrode slurry (60 
wt% active materials, 20 wt% Super P carbon, and 20 wt% polyvinylidene fluoride binder in 
N-methyl-2-pyrrolidone (NMP)) onto Cu foil, and then drying it in a vacuum oven at 120°C for 12 h. 
The densities of electrodes were fixed in the range of 1.2-1.3 g cm
-3
. Lithium foil and porous 
polyethylene (PE) membrane were employed as the counter electrode and separator, respectively. 1 
M LiPF6 in ethylene carbonate/ethyl methyl carbonate (EC/EMC) (3/7 by volume) was used as 
electrolyte. The charge/discharge performances of the electrodes were evaluated galvanostatically in 
the voltage range of 0.01-2.50 V (vs. Li/Li
+
) at room temperature.  
 
4.3. Results and Discussion  
In a typical synthetic process, 1 mmol of CTAB was dissolved in 15 ml of distilled water at ambient 
temperature, followed by 1 h of magnetic stirring. Subsequently, 1 mmol of NMPA was added, and 
the pH of mixed solution was adjusted to 5 by the addition of tetramethylammonium hydroxide 
(TMAOH) solution. The homogeneous reaction medium was obtained after 2 h of vigorous stirring. 
Separately, 4 mmol of NH4VO3 or NaVO3 was added into 20 ml of distilled water while heating at a 
gentle temperature (50 °C) to form a completely clear solution. After cooling down to room 
temperature, the vanadate solution (NH4VO3 or NaVO3) was added dropwise into the phosphonic 
acid solution. The mixture was continuously stirred for another 4 h until well blended, loaded into a 
Teflon-lined autoclave, and finally stored at 120°C for 36 h. The heating and cooling processes were 
controlled to be quite slow. The precipitates were separated, washed with distilled water repeatedly 
to remove the soluble substrates from the as-prepared materials, and then dried overnight at 70°C. 
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The as-prepared mesostructured VP samples prepared from NH4VO3 and NaVO3 were denoted as 
„MVP-A‟ and „MVP-S‟, respectively (Scheme 4.1). The template (CTAB) was extracted from the 
as-prepared materials in ethanol (25 ml) with HCl under gentle stirring for 1 h.
12
 The extraction 
process was repeated two times to remove the maximum amount of template from the as-prepared 
materials. The extracted samples, namely mesoporous vanadium phosphonates, were abbreviated as 
„MVP-AE‟ and „MVP-SE‟, respectively. For comparison, bulk material was prepared in the absence 
of CTAB through exactly the same procedure by using NH4VO3 as the inorganic precursor, with the 
resultant sample designated as „VP-B‟. 
 
 
Scheme 4.1 Formation mechanism of ordered mesostructured vanadium phosphonate. Reproduced 
with permission.
72
 Copyright 2017, Wiley-VCH.  
 
The mesostructural ordering of the VP samples was determined by low angle X-ray diffraction 
(XRD) measurements, as shown in Figure 4.1a. The as-prepared samples (MVP-A and MVP-S) 
exhibit well-defined peaks at 2θ = 1.97° and 2.87°, which are assignable to the (100) and (110) 
reflections (d100 = 4.48 nm; d110 = 3.08 nm) of the periodic two-dimensional (2D) hexagonal 
mesophase (p6mm). Other well-shaped peaks are observable at 2θ = 2.30° and 2.50°, attributable to 
(211) and (103) reflections (d211 = 3.84 nm; d103 = 3.53 nm) of mesostructured cubic phase (Ia3̅d), 
which has been well documented previously in mesostructured cubic titanium phosphonate by using 
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CTAB template.
27
 Hence, the as-prepared samples have both 2D hexagonal and cubic phases. After 
the extraction process, the characteristic XRD reflections still remain for the MVP-AE and MVP-SE 
samples (Figure 4.1a). The 2D-hexagonal mesophase remains completely intact for MVP-AE (2θ = 
2.19° (d100 = 4.03 nm), 3.16° (d110 = 2.80 nm)), but the peak positions have shifted to higher 2θ 
values, which might be attributed to mesopore contraction, caused by the extraction of CTAB 
template. In the case of MVP-SE, the 2D hexagonal structure also remains intact with obvious slight 
positive shifting. 
 
 
Figure 4.1 (a) Low-angle XRD patterns and (b) high-angle XRD patterns of (i) as-prepared MVP 
(MVP-A), (ii) MVP-AE after removal of CTAB template by extraction, (iii) MVP-SE after removal 
of CTAB template by extraction, and (iv) bulk VP (VP-B) prepared in the absence of CTAB template. 
The peaks labelled by (*) indicate a cubic mesostructure (Ia3̅d). Reproduced with permission.72 
Copyright 2017, Wiley-VCH.  
 
Simultaneously, in the case of MVP-SE, although clearly distinguishable peaks are observable 
(Figure 4.1a), the intensity of the (110) peaks is relatively lower compared to the corresponding 
MVP-AE. This relatively lower peak intensity implies that the ordering of the hexagonal 
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arrangement of mesopores inside MVP-SE is not as high as that of MVP-AE. Hence, the results 
demonstrate that the corresponding counter cations (NH4
+
 or Na
+
) of the vanadate precursors have a 
crucial role in stabilizing the ordered mesoporous structure. In the case of MVP-S (NaVO3 as 
inorganic precursor), because of the presence of Na
+
, the crystallization rate of the wall forming 
materials was faster than in MVP-A (NH4VO3 as inorganic precursor), as has been observed 
previously for zeolite materials.
34-36
 Hence, due to the rapid crystallization of the wall forming 
materials, the self-organization process for ordered mesophases is hampered in the case of MVP-S. 
There is a critical effect of the ordered arrangements of mesopores on the electrochemical 
performances of the materials, and it will be further discussed later. For comparison, bulk VP (VP-B) 
was prepared in absence of CTAB, and this sample does not show any small-angle X-ray scattering 
(SAXS) peaks (Figure 4.1a), implying that CTAB plays an indispensable role in the construction of 
ordered mesostructure. TMAOH also plays a crucial role in stabilizing the mesostructure of the 
materials. The extent of electrostatic interaction between the positively charged head group of CTAB 
and the negatively charged phosphonate precursors is controlled by the addition of TMAOH, which 
is proposed to be a crucial factor in the successful formation of mesostructured material.
37 
The framework crystallinity of the extracted MVP (MVP-AE, MVP-SE) and its corresponding 
bulk counterpart (VP-B) has been determined from wide-angle XRD patterns, as shown in Figure 
4.1b. All of the samples are amorphous/poorly-crystalline in nature, with characteristic peaks at 2θ = 
8.74° (d = 1.01 nm), 8.92° (d = 0.99 nm), and 9.44° (d = 0.94 nm) for MVP-AE, MVP-SE, and VP-B, 
respectively. These peaks are generally recognized as reflecting the cross-linking between the 
phosphonic acid precursors (NMPA) and the metal moieties.
38
  
The periodic mesoporous structures of the extracted samples (MVP-AE and MVP-SE) have 
been convincingly substantiated by transmission electron microscope (TEM) observations (Figure 
4.2). As presented in Figure 4.2a, a highly ordered, almost hexagonal arrangement of mesopores is 
clearly visible in MVP-AE. The corresponding fast Fourier transform (FFT) pattern also confirms the 
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typical hexagonal arrays of mesopores in the sample (inset of Figure 4.2a). The average pore-to-pore 
distance measured from the TEM image is 4.23 nm, which is in good agreement with the value 
calculated from low-angle XRD data (d100 (4.03 nm) × 2/√3 = 4.66 nm) (Figure 4.1a). From the side 
view of MVP-AE (Figure 4.2b), well-resolved striped patterns are confirmed, indicative of 
characteristic one-dimensional (1D) mesochannels originating from the 2D hexagonal structure.
9
 
Further inspection using selected-area electron diffraction (ED) patterns reveals a series of 
inconspicuous diffraction rings (Figure 4.2d), suggesting the poor crystallinity of the pore walls, as 
evidenced by wide-angle XRD (Figure 4.1b). From the TEM analysis, however, no prominent cubic 
arrangement of mesopores could be observed, as expected from the low-angle XRD patterns.  
 
 
Figure 4.2 (a-c) TEM images of 2D-hexagonally ordered MVP-AE (with the corresponding FFT 
pattern in the inset to (a) showing the hexagonal arrangements of mesopores). (d) The corresponding 
selected area electron diffraction (SAED) pattern to (c) indicates amorphous pore walls. Reproduced 
with permission.
72
 Copyright 2017, Wiley-VCH.  
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Figure 4.3 (a-c) TEM images showing striped patterns originating from 2D-hexagonally ordered 
MVP-SE. (d) The corresponding selected area electron diffraction (SAED) pattern to (c) indicates 
amorphous pore walls. Reproduced with permission.
72
 Copyright 2017, Wiley-VCH.  
 
In the case of MVP-SE, the representative striped pattern indicating the ordered arrangement of 
mesochannels is also easily recognizable in Figure 4.3. The selected-area ED patterns for MVP-SE 
do not show any pattern (Figure 4.3d), indicating the amorphous/poorly-crystallized pore walls of the 
material, which is in good agreement with the wide-angle XRD data (Figure 4.1b). The elemental 
compositions of MVP-AE and MVP-SE have been determined by element mapping and 
energy-dispersive X-ray spectroscopy (EDX), which definitely confirms the homogeneous 
distribution of vanadium, oxygen, phosphorus, nitrogen, and carbon throughout the whole region of 
the samples (Figure 4.4-4.5). For comparison, I have carefully examined the TEM image of bulk VP 
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(VP-B), but I did not find any trace of mesopores throughout the specimen (Figure 4.6a-c). The ED 
patterns of VP-B also confirm the amorphous/poorly-crystallized structure of the material (Figure 
S4.6d). Hence, the TEM images of VP-B definitely indicate the pivotal role of CTAB in the 
formation of ordered periodic mesostructure.  
 
 
Figure 4.4 Elemental mapping (upper) with EDX spectrum (lower) of MVP-AE. Reproduced with 
permission.
72
 Copyright 2017, Wiley-VCH.  
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Figure 4.5 Elemental mapping of MVP-SE. Reproduced with permission.
72
 Copyright 2017, 
Wiley-VCH.  
 
 
Figure 4.6 (a-c) TEM images of bulk VP (VP-B) showing irregular morphology and non-porous 
structure. (d) The corresponding selected area electron diffraction (ED) pattern indicates an 
amorphous framework. Reproduced with permission.
72
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The morphology of the extracted samples (MVP-AE and MVP-SE) has been determined by 
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field emission scanning electron microscopy (FE-SEM) (Figure 4.7). From the SEM images, it is 
clear that both the samples have uniform lamellar morphology, including seaweed-like shapes for 
MVP-AE (Figure 4.7a-b) and noodle-like shapes for MVP-SE (Figure 4.7c-d). Such uniform 
morphology has been well documented for various ordered mesoporous metal phosphonates 
previously.
15, 32
 The choice of metal ion precursors is very crucial in determining the mesostructural 
ordering, as shown in Figure 4.1a. It is well known that phosphonate linkers are potentially dianionic 
in nature and form more robust solids by interacting with the positively charged metal ions and 
consequently yielding precipitates from the solution.
11
 Hence, it is very difficult to sustain the proper 
interaction between the micelles and the precursors.
11 
Therefore, in this chapter, I have changed the 
metal ion source to the corresponding oxoanion (metavanadate) to reduce the reaction rate and to 
sustain the proper interaction between the micelles and the precursors. Consequently, compared to 
the previously reported iron phosphonate
12
, highly ordered mesostructures have been realized, as 
shown in Figure 4.2b. In the case of VP-B, the sample prepared without CTAB does not have any 
uniform/regular shaped morphology (Figure 4.8).  
 
 
Figure 4.7 FE-SEM images of (a-b) MVP-AE, showing seaweed-like morphology, and (c-d) 
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MVP-SE, showing noodle-like morphology. Reproduced with permission.
72
 Copyright 2017, 
Wiley-VCH.  
 
 
Figure 4.8 FE-SEM images of VP-B showing irregular morphology. Reproduced with permission.
72
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The framework structure of the extracted samples (MVP-AE and MVP-SE) was determined by 
Fourier transform infrared (FT-IR) spectroscopy (Figure 4.9). For both the samples, the broad band 
centered at 3430 cm
-1
 and the small band situated around 1630-1640 cm
-1
 are due to the physically 
adsorbed water molecules on the solid surface of the materials.
39
 The pronounced band at 1460-1470 
cm
-1
 corresponds to P-C stretching modes from phosphonate groups.
29
 For comparison, I have 
collected the FT-IR spectrum of NMPA as well. It is clearly observable from Figure 4.9 that the 
absorption signals at around 928 and 1157 cm
-1
, which are associated with P-OH and P=O stretching 
vibrations, respectively, almost vanish in MVP-AE and MVP-SE. In the meantime, another new and 
distinct intense peak near 1000 cm
-1
 appears, presumably due to the extensive condensation of 
phosphoryl oxygen with vanadium to form P-O-V bonds in the MVP-AE and MVP-SE 
frameworks.
11, 32, 40-42
 The two sharp bands between 2800-3000 cm
-1
 for MVP-AE and MVP-SE are 
due to the -H stretching vibrations of organics in the phosphonate framework.
15, 43
 Hence, the FT-IR 
spectra confirm the presence of NMPA in the framework of MVP-AE and MVP-SE by the formation 
of very stable P-O-V bonds.  
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Figure 4.9 FT-IR spectra of MVP materials and NMPA as a precursor. Reproduced with 
permission.
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To investigate the thermal stability and amount of organics in the MVP materials, I have carried 
out thermogravimetric analysis (TGA) before and after template extraction (Figure 4.10). All the 
as-prepared (MVP-A and MVP-S) and extracted (MVP-AE and MVP-SE) samples show almost the 
same thermal behavior with temperature. For all the samples, the initial weight loss up to 200°C is 
due to the liberation of surface adsorbed or intercalated water molecules from the framework. In the 
case of MVP-A and MVP-AE, the weight losses of about 45 wt% and 25 wt% in the range of 
200-330°C are basically due to the decomposition of CTAB (Figure 4.10a). So, in the extracted 
MVP-AE sample, CTAB is present at 25 wt% to ensure the stability of the mesoporous structure of 
the framework. Compared to the MVP-AE sample, the remaining CTAB content in the extracted 
MVP-SE sample is higher (around 35%) (Figure 4.10b). The thermal analysis data suggest that the 
mesoporous vanadium phosphonate has quite high thermal stability. The elemental compositions of 
V and P in the MVP samples were determined by inductively coupled plasma − mass spectrometry 
(ICP-MS) analysis. The relative compositional mole ratio of V/P has been calculated to be 1.1/1, 
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which is very close to the initial compositional ratio of V/P (1.3/1).  
 
 
Figure4.10 Thermogravimetric curves of (a) MVP-A and MVP-AE, and (b) MVP-S and MVP-SE. 
Reproduced with permission.
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Furthermore, the electronic states of the elements in the MVP materials have been determined 
by X-ray photoelectron spectroscopy (XPS) analysis (Figure 4.11). From the survey spectra, the 
presence of the elements vanadium, phosphorus, oxygen, carbon, and nitrogen can be confirmed 
(Figure 4.11a). The high-resolution XPS spectra for V 2p3/2 and V 2p1/2 are shown in Figure 4.11b. 
For more precise estimation of the chemical states of V, the asymmetric V 2p3/2 peaks were 
deconvoluted via Lorentzian-Gaussian fitting in combination with Shirley background fitting (Figure 
4.11c). In this chapter, the binding energy (BE) associated with V 2p3/2 can be deconvoluted into two 
contributions positioned at 517.00 ± 0.20 eV and 515.65 ± 0.20 eV, corresponding to V
5+
 2p3/2 and 
V
4+
 2p3/2, respectively (Figure 4.11c). The ratio of V
5+
/V
4+ 
is estimated to be 1.51, 1.33, and 1.32 for 
MVP-AE, MVP-SE, and VP-B, respectively. The corresponding V
5+
 2p3/2 component for MVP-AE, 
MVP-SE, and VP-B is at 517.15 eV, 516.95 eV, and 516.90 eV, respectively (Figure 4.11c). The 
positive shifts for V
5+
 2p3/2 of MVP-AE and MVP-SE from VP-B indicate the presence of more 
defective V
 
in the surface of the mesoporous phosphonate materials compared to their corresponding 
bulk counterpart. Due to the presence of mesopores in MVP-AE and MVP-SE, the surface area is 
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higher than for bulk VP (VP-B), leading to the formation of more V atoms with unsymmetrical 
coordination in the surface than in the bulk, which can be considered as defective V sites.
38
 The peak 
at 132.80 ± 0.2 eV is due to the P 2p energy level and can be ascribed to the pentavalent tetra-bonded 
phosphorous in the materials (Figure 4.11d), as expected from the FT-IR data (Figure 4.9).
29
 The 
peaks at 402.30 ± 0.2 eV and 287.3 ± 0.2 eV are attributed to the N 1s and C 1s peaks of the MVP 
materials, respectively (Figure 4.11e-f). From the XPS study, it can be concluded that in the obtained 
MVP materials, pentavalent and tetravalent vanadium ions coexist, and the amount of pentavalent 
vanadium increases in the surface as the porosity of the sample increases, probably due to the surface 
oxidation.  
For the successful synthesis of ordered mesostructured VP, the charge balance between CTA
+
 
and the VP precursor is very essential.
44
 The phase behavior of CTAB in pure water is known to be 
temperature and concentration dependent. According to the phase diagram of CTAB/water system, 
the ordered mesophase (i.e. hexagonal, cubic and lamellar) is generally formed at very high 
concentrations (> 20 wt%). From a macro perspective, the initial concentration of CTAB aqueous 
solution in this chapter is much lower (~ 2.4 wt%). Therefore, the phase diagram is not directly 
applicable to my experimental system. However, the synthetic medium in this chapter is more 
complicated than the simple CTAB/water system. Apart from the coulombic interactions between the 
precursor and CTAB micelles, the condensation/polymerization of precursors species is 
simultaneously happening, which could lead to the increase of local concentration of CTAB. 
Although it is not possible to determine the exact local concentration of the CTAB during the 
dynamic synthetic process, I can expect that gradually the local concentration of CTAB will increase 
to a very high level that is suitable for the formation of ordered mesophase. In other words, the phase 
diagram of the CTAB/water system can be indirectly applied to my experimental scenario. The VP 
precursors should have negative charge due to the presence of P-O
-
 (generated from uncoordinated 
P-OH of NMPA) or V-O
-
 (generated in the synthesis) in the framework. Hence the positive charge of 
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CTA
+
 may be balanced by (i) P-O
-
, (ii) V-O
-
, or (iii) both. The complete disappearance of the peak at 
928 cm
-1
 in the FT-IR spectrum (Figure 4.9) of the as-prepared MVP-A sample, which reflects free 
P-OH, completely nullifies the probability of charge balance through P-O
-
.
45
 Hence, the charge of 
CTA
+
 is thought to be balanced by V-O
-
 to form the proper mesostructure by self-assembly. In the 
present synthetic medium, I used the ratio of CTAB: NMPA: NH4VO3 = 1: 1: 4. In NMPA, there are 
nine oxygen atoms that are attached to phosphorus and can strongly coordinate to the V
5+/4+ 
(as 
confirmed by XPS). Hence, there is excess V
5+/4+ 
in the synthetic medium, even after the 
coordination of every P-O bond in NMPA. So, there is no chance of charge neutralization of CTA
+
 
by free P-O
-
. The excess V
5+/4+ 
in the synthetic medium is coordinated by the nitrogen in NMPA, and 
the coordination number of V is fulfilled by hydroxide ions or water that are present in the synthetic 
medium. TMAOH is used to maintain the pH of the synthetic medium. Under these conditions, V-O
-
 
can easily form, which can neutralize the charge density of CTA
+
 for the successful production of the 
self-assembled mesostructure. There are very critical effects of the phosphonic acid-to-metal ratio 
towards the formation of highly ordered mesostructured materials. When CTAB: NMPA: NH4VO3 is 
1: 1: 2 or 1:1:3; no mesostructured materials can be obtained, due to the mismatch of charge density 
between CTA
+
 and the VP precursors (Figure 4.12).  
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Figure 4.11 XPS spectra of MVP-AE, MVP-SE, and VP-B: (a) survey spectra, and high-resolution 
spectra of (b) V 2p, (c) V 2p3/2, (d) P 2p, (e) N 1s, and (f) C 1s. Reproduced with permission.
72
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Figure 4.12 Low-angle XRD patterns of MVP-AE under different controlled synthetic conditions 
(ratio of ammonium vanadate: NMPA: CTAB = 2:1:1 and 3:1:1, respectively). Reproduced with 
permission.
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In recent times, lithium ion batteries (LIBs) have been considered as an efficient, sustainable, 
and eco-friendly alternative energy source.
46, 47
 New technological developments in the current 
society are calling for different types of LIBs (i.e., high energy density or high power) to fulfill the 
different needs of existing and emerging markets. Future advances in LIBs fundamentally rely on the 
new approaches and new materials as electrodes and electrolytes. For the last two decades, graphite 
and its analogues have remained the dominant anode materials in LIBs, but finding alternative anode 
materials is currently a hot research topic.
48-51
 To date, various nanoporous structures with 
appropriate compositions and proper morphology have been developed as anode materials to achieve 
higher gravimetric capacity, enhanced rate capability, and better cyclability in LIBs.
52-54
 
Vanadium-based electrode materials, including VO2, V2O5, Li3VO4, LiV3O8, and VOPO4, have long 
appealed to researchers as electrode materials for LIBs because vanadium can host more than one 
lithium ion per atom, hence providing higher specific capacity.
55-61 
During the lithium ion insertion, 
the volume of classical anode materials (e.g., Sn, Si) expands hugely and the swelling of materials 
quickly breaks the electrical contacts in the anode. In the case of mesoporous materials, however, the 
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mesoporous structure can behave as a volume buffer to release the internal stress.
51, 62-63 
Inspired by 
the benefits of mesostructure and the successful use of vanadium-based electrodes in LIBs, I have 
examined my ordered mesoporous VP samples as electrode materials for LIBs.  
 
 
Figure 4.13 (a) First-cycle charge-discharge curves of MVP-AE, MVP-SE, and VP-B electrodes at 
72 mA g
-1
 with the corresponding differential capacity plots (inset). (b) Rate capabilities of MVP-AE 
and MVP-SE electrodes at different current densities. (c) Cycling performances (after the formation 
cycle) of MVP-AE, MVP-SE, and VP-B electrodes at 144 mA g
-1
. (d) Extended cycling 
performances (after the formation cycle) of MVP-AE and MVP-SE electrodes and their coulombic 
efficiencies over 100 cycles. Reproduced with permission.
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The initial charge-discharge curves of the two mesoporous VP samples and the non-porous bulk 
VP sample have been measured at 72 mA g
-1
 in the range of 0.01-2.50 V (vs. Li/Li
+
) (Figure 4.13a). 
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Distinct short discharge plateaus at around 0.75 V can be observed for the two mesoporous VP 
samples, which might correspond to the characteristic lithium intercalation process within vanadium 
phosphonates (inset of Figure 4.13a). The initial discharge capacities of mesoporous VP (MVP-AE, 
MVP-SE) and bulk VP (VP-B) electrodes are 792.2, 651.2, and 138.4 mAh g
-1
, respectively. The 
corresponding charge capacities are 257.55, 219.39, and 40.38 mAh g
-1
, for MVP-AE, MVP-SE, and 
VP-B, respectively. For the first cycle, this capacity loss and low coulombic efficiency are probably 
due to the formation of solid electrolyte interphase (SEI) layers, but from the second cycle onwards, 
the mesoporous VP materials show excellent coulombic efficiency (Figure 4.13d). This low 
coulombic efficiency for the first cycle is generally observed for materials with porous structure, 
including mesoporous materials, metal-organic frameworks (MOFs), and co-ordination polymers 
(CPs).
63-65
 Due to the large surface area and void spaces inside the materials, the possibility of SEI 
formation is much greater. The SEI formation protects the surface of the anode against solvent 
decomposition, so that it offers better cycling performance. In this measurement, 20 wt% Super-P 
carbon was mixed with the samples as a carbon conductor in making the electrodes. It is generally 
known that the capacity of Super-P carbon is around 600 mAh g
-1
.
66
 This would affect the capacity of 
each sample by as much as about 120 mAh g
-1
. Hence, the capacity of VP-B does not arise from the 
reaction of MVP with Li
+
, but almost entirely from the Super-P carbon. Therefore, it is revealed that 
the mesoporous structure of the VP samples has the excellent advantage of providing superior Li
+
 
storage capacity (Figure 4.13a). The rate performances of the MVP-AE and MVP-SE electrodes are 
presented in Figure 4.13b. As the current densities increase stepwise, the reversible capacity of 
MVP-AE electrode decreases slowly and steadily from 191.6 mAh g
-1
 at 144 mA g
-1
 to 121.2 mAh 
g
-1
 at the considerably higher rate of 3600 mA g
-1
. When the current density has been decreased to 
144 mA g
-1
 again, the reversible capacity can recover to 97.7% of its initial value and remain 
relatively stable. The capacity at 1 C (360 mA g
-1
) for a mesoporous sample (MVP-AE) is around 
160 mAh g
-1
, which is lower than the well-known theoretical capacity of graphite (360 mAh g
-1
). It is 
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very interesting, however, that the capacity retention between 10 C (3600 mA g
-1
) and 1 C is very 
high (around 78%). This is quite good rate capability in comparison to a graphite anode. Thus, 
mesoporous structure with high surface area leads to high rate capability because its characteristics 
promote easy Li
+
 penetration into bulk of materials. Moreover, the reversible capacity of MVP-AE 
electrode is fairly stable at each rate, manifesting its outstanding reversibility and stability upon 
cycling. In the case of MVP-SE electrode, the rate capability shows similar behavior, but its 
corresponding capacities are much lower than for MVP-AE electrode at each current density, 
probably due to the less-ordered mesostructure of MVP-SE compared to MVP-AE, which prohibits a 
smooth Li
+
 intercalation step in the material. Apart from this, from the XPS analysis, it has been 
found that the ratio of V
5+
/ V
4+
 at the surface is 1.51 and 1.33 for MVP-AE and MVP-SE, 
respectively (Figure 4.11c). MVP-AE has a greater number of V
5+
 ions at the surface, which 
probably oxidizes a greater amount of lithium and will definitely show higher specific capacity. To 
ensure the structural stability of the MVP samples, their cycling performances have been tested at a 
specific current of 144 mA g
-1
 (Figure 4.13c). After 30 cycles, the reversible capacities of MVP-AE 
and MVP-SE electrodes gradually decrease to 72.5% and 44.5% of the initial values, respectively. 
Meanwhile the reversible capacity of VP-B electrode drops down to 26.7 mAh g
-1
, which is much 
lower than those of MVP-AE and MVP-SE (Figure 4.13c). So, for MVP-AE and MVP-SE, due to 
their appropriate mesoporous structure and favorable surface composition, these materials exhibit 
better electrochemical performance as anode materials for LIBs compared to their bulk counterpart 
(VP-B). Additionally, I have extended the cycling tests of the ordered mesoporous materials up to 
100 cycles (144 mA g
-1
) to examine the stability of the mesoporous structure for practical application 
(Figure 4.13d). Even after 100 cycles, a reversible capacity of 245.4 mAh g
-1
 was still retained for 
MVP-AE electrode, representing desirable capacity retention of 92 %, although the reversible 
capacity of MVP-SE electrode could merely be restored to 54 % of its initial value at the end of the 
100
th
 cycle. Furthermore, for both the samples, the coulombic efficiencies grow rapidly in the first 
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few cycles and then almost approach 100% throughout the subsequent cycles, demonstrating the 
superb reversibility of the MVP-AE and MVP-SE mesoporous electrodes under cycling. The 
half-cell tests reveal the excellent potential of mesoporous VP materials (MVP-AE and MVP-SE) as 
anode candidates for LIBs.  
 
 
Figure 4.14 (a) Low-angle and (b) high-angle XRD patterns of VP-AC and VP-SC. Reproduced with 
permission.
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Although organic groups have little electrical conductivity, various metal-organic frameworks 
(MOFs) and functional coordination polymer (CPs) have been recently reported as excellent anode 
materials for LIBs.
64,66
 The presence of organic parts in the framework may decrease the 
conductivity of the materials to a certain extent, but the uniformly-distributed organic parts help to 
maintain ordered porous architectures with high surface area and large pore volume for 
accommodating abundant Li
+
 ions in the framework, which eventually increases the capacity of the 
materials. From the previous reports, it has been found that the mesoporous V-based phosphonates in 
this chapter have better electrochemical performance as anode materials compared to various Zn and 
Co-based carboxylate MOFs/CPs.
65,67
 To determine the effects of organics in the mesoporous VP 
framework, I have calcined the MVP-AE and MVP-SE samples at 500°C to remove the organics 
from the framework. The calcined organic-free samples are denoted as VP-AC and VP-SC, 
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respectively. For both VP-AC and VP-SC samples, the original ordered mesostructures are 
completely destroyed, and no low-angle peaks were detected (Figure 4.14a). Due to the high 
temperature calcination, however, the crystallinity of the materials increases enormously, which is 
reflected by the sharp wide-angle XRD peaks of the materials (Figure 4.14b). Due to the destruction 
of the ordered mesoporous structure, the VP-AC and VP-SC have very small 
Brunauer-Emmett-Teller (BET) surface areas of 0.41 and 5.5 m
2
·g
-1
, respectively. After calcination, 
VP-AC has a plate-like morphology (Figure 4.15a-d), while VP-SC has a rod-like morphology 
(Figure 4.15e-h). The elemental mapping of the VP-AC and VP-SC samples clearly indicates the 
uniform presence of V, P, and O in the framework (Figure 4.16). I have investigated the 
electrochemical behavior of the organic-free VP-AC and VP-SC samples as anode materials in LIBs, 
and both the materials exhibit very electrochemical activity compared to the organic-containing 
parent mesoporous phosphonate materials (MVP-AE and MVP-SE). Therefore, it can be reasonably 
concluded that the organic groups present in the vanadium phosphonates play a crucial role in 
sustaining the well-developed mesostructure, which promotes better performance of the 
mesostructured VP electrodes in LIBs. The mesostructure offers a high infiltration capacity for 
electrolyte, as well as short and easy lithium ions diffusion pathways for the lithiation/de lithiation 
reactions, which facilitates the high-rate charge/discharge performance. The unfavorable volume 
variation of electrode material during charge-discharge has been alleviated to some degree due to the 
abundant void space, leading to strengthened structural stability and hence better cycle life.  
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Figure 4.15 SEM images of the (a-d) VP-AC sample, showing plate-like morphology, and (e-h) 
VP-SC sample, showing rod-like morphology. Reproduced with permission.
72
 Copyright 2017, 
Wiley-VCH.  
 
 
Figure 4.16 Elemental mapping of (a) VP-AC and (b) VP-SC. Reproduced with permission.
72
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Figure 4.17 Scanning TEM (STEM) images of (a) MVP-AE and (b) MVP-SE. Reproduced with 
permission.
72
 Copyright 2017, Wiley-VCH.  
 
Academic research on anode materials for the lithium ion battery (LIB) is still mainly focused 
on various types of inorganic compounds, including metal oxides, phosphates, and silicates. The 
possibilities for the synthesis of new purely inorganic materials are rather narrow, however, because 
only a limited number of metals can exhibit the desired properties and achievable potential vs. Li
+
/Li. 
As shown above, the organic-inorganic hybrid mesoporous phosphonates can be considered as a 
potential class of materials that can be used as superior anode materials in LIBs. From Table 4.1, it is 
clearly observable that the mesoporous vanadium phosphonate (MVP-AE) has superior capacity and 
cycling stability compared to various previously state-of-art metal phosphates/phosphonates reported 
as anode materials in LIBs. From Table 4.1, the effects of ordered mesoporous structure and organic 
groups towards promoting the electrochemical performance of materials can be easily realized. It is 
clear that in both cases, the ordered mesoporous phosphonate materials have better initial capacity 
and retention of capacity compared to the corresponding organic-free phosphate nanoparticles. 
Although the organics within the hybrid material might produce some insulating behavior with 
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respect to electrochemical intercalation, the exquisite periodic mesoporous architecture could 
contribute significantly to the reversible and stable accommodation of enormous numbers of lithium 
ions within the electrode matrix (Figure 4.17).  
 
Table 4.1 Comparison of electrochemical performances of the mesoporous VP sample (MVP-AE) 
with various state-of-art metal phosphates/phosphonates as anode materials in LIBs. Reproduced 
with permission.
72
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4.4 Conclusion  
Novel and highly ordered mesoporous VP materials have been prepared by a facile one-pot 
soft-templating strategy. For the successful formation of mesostructured VP material, the 
electrostatic interaction between the positively charged CTAB template and the negatively charged 
VP precursor is believed to be very crucial. To the best of my knowledge, this is the first report of 
Entry Samples 
Cycle 
numbers 
First discharge 
capacity 
(mAh g
-1
) 
Current 
density 
(mA g
-1
) 
Potential 
Window 
(V) 
Capacity 
retention 
(%) 
Refs. 
1 
Vanadium phosphate 
nanoparticles 
30 548 72 0.01−3.0 42 68 
2 
Tin phosphate 
nanodisks 
220 600 350 0−1.2 93 69 
3 
Iron phosphate 
nanoparticles 
30 609 61 0−2.4 80 70 
4 
Mesoporous tin 
phosphate 
30 721 72 0−2.5 81 71 
5 
Mesoporous iron 
phosphonate 
30 790 144 0.01−2.5 97 12 
6 
Mesoporous 
vanadium 
phosphonate 
(MVP-AE) 
100 792 72 0.01−2.5 92 
This 
chapter 
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highly ordered mesoporous vanadium phosphonate with very high structural and electrochemical 
stability. Due to the highly ordered mesoporous structure, the newly developed MVP materials show 
superior electrochemical performance as electrode materials in LIBs. On the basis of the results 
demonstrated here, it can be conclude that these materials have quite good potential as electrode 
materials in advanced energy storage systems. I strongly believe that this synthetic strategy opens up 
a new route for the preparation of various metal phosphonate materials by changing the phosphonic 
acid linkers and optimizing the synthetic conditions (metal-to-phosphonic acid ratio, synthesis 
temperature, pH, etc.) to achieve versatile micro-mesostructural multiplicity and morphological 
diversity, thus increasing the energy storage capacity of the materials to a higher extent.  
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Chapter 5. Synthesis of Mesostructured/Mesoporous 
Manganese Phosphonates and Their Promising Energy 
Storage Applications  
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5.1. Introduction  
Organic-inorganic hybrid materials with both organic and inorganic units have aroused enormous 
research interest in the field of materials science because of their unique features stemming from the 
synergy between the organic and inorganic components.
1-7
 These hybrid materials are completely 
distinct from simple physical mixtures, but can be broadly defined as nanocomposites with organic 
and inorganic constituents intimately integrated at the molecular/nanoscale level.
8-10
 The introduction 
of mesopores into these hybrid materials is a new strategy to control the hybrid material‟s properties. 
Among the various mesoporous/mesostructured hybrid materials, phosphonate materials are 
attracting huge research interest due to the easy availability of phosphonic acid precursors with 
versatile functionality and strong coordination bonds with metals. These compositions are highly 
useful for interesting applications in frontier areas of materials science, particularly for energy 
storage and conversion systems.
7,9,10
 A surfactant-mediated synthesis strategy has been adopted to 
incorporate mesostructures into the metal phosphonate frameworks. The realization of precise 
control over pore sizes and mesostructural ordering, however, is still a challenging issue, due to the 
rapid hydrolysis of the inorganic precursor in the highly acidic phosphonic acid medium, which 
makes it easy to lose suitable interactions between precursors and micelles.
11, 12
 Therefore, only a 
very limited number of mesoporous/mesostructured metal phosphonates, such as those based on 
aluminum, titanium, iron, tin, and vanadium, have been reported so far.
13-18
  
In this chapter, I have focused on the synthesis of mesoporous manganese phosphonates (MnPs), 
which are very attractive for both fundamental research and practical applications. Manganese nitrate 
(Mn(NO3)2) and 1-hydroxyethane 1,1-diphosphonic acid (HEDP) are used for the construction of 
pore walls, while cetyltrimethylammonium bromide (CTAB) serves as a soft-template. Herein, I have 
successfully prepared mesoporous MnPs with control of the mesoscopic periodicity and macroscopic 
morphology by a convenient and highly reproducible surfactant-mediated method. More excitingly, 
the mesostructural ordering has been improved, by fine-tuning the synthetic conditions to purposely 
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maintain the charge density matching at the precursor/micelle interface. Two typical samples can be 
obtained: disordered mesoporous manganese phosphonate nanorods, and less-ordered 
mesostructured manganese phosphonate. As a proof-of-concept application of the obtained 
manganese phosphonates, the electrochemical performance of the mesoporous MnP has been 
evaluated as electrode material for both lithium-ion batteries (LIBs) and supercapacitors. Preliminary 
electrochemical tests demonstrated that the mesoporous MnP possesses higher lithium storage 
capacity and pseudocapacitance, better rate capability and cyclic stability than its corresponding bulk 
counterpart. The significant improvement in electrochemical performance should be attributed to its 
abundant accessible active sites and rapid ion/electron transportation arising from the mesostructure 
and nanorod morphology.  
 
5.2. Experimental Sections  
5.2.1 Materials  
Manganese nitrate tetrahydrate (Mn(NO3)2·4H2O, ≥ 97 wt%), 1-hydroxyethane 1,1-diphosphonic 
acid (HEDP, 60 wt% in H2O), cetyltrimethylammonium bromide (CTAB), and 
tetramethylammonium hydroxide solution (TMAOH, 25 wt% in H2O) were provided by 
Sigma-Aldrich Co. LLC. All chemical reagents were used as received without further purification.  
 
5.2.2. Synthesis and Characterization of Mesoporous MnP  
In a typical synthesis of MnP materials, 1 mmol CTAB was dissolved in deionized water (15 mL) at 
room temperature, followed by one hour of magnetic stirring. Then, 1 mmol HEDP was added, and 
the pH of the mixed solution was adjusted to 5 by addition of the TMAOH solution. After two hours 
of continuous stirring, the homogeneous reaction medium was obtained. Separately, 5 mmol of 
Mn(NO3)2 was added into 20 mL of deionized water, which was then added dropwise into the above 
solution, maintaining the Mn:P ratio of 5:2. Subsequently, the pH of the solution was increased to ~ 7 
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by further addition of TMAOH solution. The synthetic gel was continuously stirred for another four 
hours, loaded into a Teflon-lined autoclave, and aged at 120°C for 36 hours. The heating and cooling 
processes were controlled to be quite slow. The resultant material was washed with deionized water 
repeatedly to remove the unreacted reagents/templates and then dried overnight at 60°C. The 
as-prepared MnP samples obtained in this case were denoted as „as-pre M-MnP52‟. The removal of 
the template (CTAB) was accomplished by extraction with acetone.
27
 Typically, the as-prepared 
samples (150 mg) were firstly dispersed into acetone (about 45 ml), sealed in an autoclave, and then 
heated statically at 60°C for four hours (Scheme 5.1). The extracted samples were designated as 
“M-MnP52”. For comparison, bulk material was prepared in the absence of CTAB through exactly 
the same procedure, with the resultant sample denoted as “B-MnP52”. By fine-tuning the synthetic 
parameters, another typical sample „as-pre M-MnP12‟, the ordered mesostructured manganese 
phosphonate, can be obtained (Scheme 5.2). 
 
5.2.3. Characterizations  
Scanning electron microscope (SEM) images were collected using a Hitachi SU-8000 field emission 
SEM at an accelerating voltage of 5 kV. Transmission electron microscope (TEM) observations were 
conducted on a JEOL JEM-2100F TEM system operated at 200 kV. Wide-angle powder X-ray 
diffraction (XRD) patterns were recorded using a RIGAKU Rint 2000 diffractometer equipped with 
monochromatic Cu Kα radiation (40 kV, 40 mA). Low-angle XRD patterns were acquired from a 
RIGAKU SmartLab. Nitrogen adsorption-desorption analysis was performed using an Autosorb 1 
(Quantachrome, USA) sorption system at 77 K. The specific surface area was calculated by the 
multipoint Brunauer-Emmett-Teller (BET) method. Fourier transform infrared (FT-IR) spectra were 
collected on a Thermoscientific Nicolet 4700 spectrometer. X-ray photoelectron spectroscopy (XPS) 
was implemented on a PHI Quantera SXM (ULVAC-PHI) apparatus. All binding energies were 
calibrated in relation with the C 1s line from adventitious carbon (285 eV). Thermogravimetric 
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analysis (TGA) was carried out on a Hitachi HT-Seiko Instrument, the Exter 6300, at a heating rate 
of 3°C min
-1
 under flowing N2. The atomic ratio of Mn/P was determined by inductively coupled 
plasma − optical emission spectrometry (ICP-OES).  
 
5.2.4. Electrochemical Measurements  
5.2.4.1 Supercapacitors Test  
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were both conducted 
on an electrochemical workstation (CHI 660E, CH Instruments, USA) with a standard 
three-electrode system using platinum as the counter electrode and Ag/AgCl as the reference 
electrode in a 3 M KOH solution. The graphite substrate (1 cm
2
) was used as the current collector. 
The CV curves were collected in the potential window of -0.3 – 0.5 V, while the EIS data were 
obtained at open-circuit potential in the frequency range of 10
5
 – 10-2 Hz. The specific capacitance of 
the electrode materials can be calculated from the obtained CV using the following equation: 
𝐶 =
1
𝑚𝑠(𝑉f − 𝑉i)
∫ 𝐼
𝑉f
𝑉i
(𝑉)𝑑𝑉 
where C is the specific capacitance (F·g
-1
), m is the mass of the active electrode material (g), s is the 
potential scan rate (V·s
-1
), V is the potential window (V), and I is the current (A).  
The galvanostatic charge-discharge studies were carried out at various applied current densities 
using the same electrode-electrolyte configuration in the range from -0.3 to 0.5 V. And from the 
charge-discharge curves, the capacitance can be also calculated using the following equation: 
𝐶 =
𝐼 × ∆𝑡
𝑚 × ∆𝑉
 
where C is the specific capacitance (F·g
-1
), m is the mass of the active electrode material (g), ∆𝑡 is 
the discharge time (s), ∆𝑉 is the potential window (V), and I is the current (A).  
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5.2.4.2 LIBs Test 
The battery performance was assessed with CR2032 button cells. For the fabrication of the working 
electrode, active materials (60 wt%) were mixed with Super P carbon (20 wt%) and polyvinylidene 
fluoride (20 wt%), and then coated on Cu foils. The loading level of the electrodes was fixed at 1.1 
mg cm
-2
. Galvanostatic charge-discharge profiles were acquired in the voltage window of 0.01 - 2.00 
V (vs. Li/Li
+
). Electrochemical impedance spectroscopy (EIS) investigation was performed using a 
VMP-3 multichannel workstation (Bio-Logic) in the frequency region of 10
5
 to 10
-2
 Hz.  
 
 
Scheme 5.1 Illustration of the formation of mesostructured manganese phosphonate (MnP). 
Reproduced with permission.
73
 Copyright 2017, The Royal Society of Chemistry.  
 
 
Scheme 5.2 Flowchart of the synthetic process of mesoporous/mesostructured MnP.  
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5.3. Results and Discussion  
To realize well-developed mesostructure within manganese phosphonate (MnP), I need to cope with 
the hydrolysis of Mn species in the highly acidic phosphonic acid medium,
12
 as well as considering 
the charge density matching at the precursor/micelle interface.
19, 20
 Recent progress has shed light on 
several critical factors that contribute to the successful synthesis of mesoporous metal phosphonates, 
including the molar ratio of the starting materials (Mn/P), pH value of the synthetic medium, aging 
time, etc.
13-15, 17, 21-26
  
 
5.3.1 Synthesis and Characterization of Mesoporous MnP Prepared from a 
Precursor Solution Maintaining the Mn:P Ratio of 5:2  
The mesostructural ordering of the „as-pre M-MnP-52‟ and „M-MnP52‟ samples were first examined 
by low-angle X-ray diffraction (XRD) measurements, as shown in Figure 5.1a. Unfortunately, no 
diffraction peak can be observed in the small angle region, which seemingly denies the existence of 
mesostructural regularity within the obtained MnP materials. The wide-angle XRD patterns of the 
MnP samples (M-MnP52 and B-MnP52) are shown in Figure 5.1b, suggesting that their hybrid 
framework is not well crystalline in nature. Most noticeably, the strongest characteristic peak is 
observable at around 2 = 8.88° (d = 0.99 nm) and 8.90° (d = 0.99 nm) for M-MnP52 and B-MnP52, 
respectively. These peaks are generated due to the presence of microporosity produced by the 
cross-linking between the phosphonic acid (HEDP) and the metallic species.
28, 29
  
The morphology of the MnP materials was inspected by scanning electron microscopy (SEM). 
As seen from the typical SEM images in Figure 5.2a-b, the M-MnP52 sample is mainly composed of 
uniform nanorods with an average width of about 30-50 nm. The B-MnP52 sample prepared in the 
absence of CTAB, however, exhibits a fairly inhomogeneous morphology with the coexistence of 
nanorods and irregularly shaped large flakes (Figure 5.2c-d). In this case, the CTAB has clearly 
Chapter 5  
124 
 
played a role in controlling the morphology of the MnP material.  
 
 
Figure 5.1 (a) Low-angle and (b) wide-angle XRD patterns of as-prepared MnP (as-pre M-MnP52); 
mesoporous MnP (M-MnP52), after removal of the CTAB template by extraction, and bulk MnP 
(B-MnP52) prepared in the absence of CTAB template with Mn/P = 5:2. Reproduced with 
permission.
73
 Copyright 2017, The Royal Society of Chemistry.  
 
 
Figure 5.2 SEM images of (a-b) M-MnP52 and (c-d) B-MnP52, showing uniform nanorod 
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morphology and irregular morphology, respectively. Reproduced with permission.
73
 Copyright 2017, 
The Royal Society of Chemistry.  
 
 
Figure 5.3 (a–c) TEM images and (d) SAED pattern of M-MnP52, indicating mesoporous structure 
with poorly crystallized pore walls. Reproduced with permission.
73
 Copyright 2017, The Royal 
Society of Chemistry.  
 
 
Figure 5.4 Elemental mapping (a) with EDX spectrum (b) of M-MnP52. Reproduced with 
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permission.
73
 Copyright 2017, The Royal Society of Chemistry.  
 
 
Figure 5.5 (a–c) TEM images and (d) SAED pattern of B-MnP52, showing non-porous structure 
with an amorphous framework. Reproduced with permission.
73
 Copyright 2017, The Royal Society 
of Chemistry.  
 
In order to obtain a more direct and reliable understanding of the interior structure, transmission 
electron microscope (TEM) observations were conducted on the M-MnP52 sample. The 
representative TEM images in Figure 5.3a-c reconfirm its uniform nanorod morphology with a mean 
width of about 35-40 nm, in agreement with the SEM observations. More excitingly, a considerable 
amount of disordered mesopores is clearly visible throughout the entire interior of the nanorods. The 
average pore diameter measured from the high resolution TEM image is about 3-4 nm, which shows 
fair agreement with reported CTAB-mediated metal phosphonates.
17, 30, 31
 The above results have 
provided direct evidence for the successful introduction of disordered mesostructure into manganese 
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phosphonate. The selected-area electron diffraction (SAED) pattern in Figure 5.3d presents a series 
of dispersive diffraction rings, implying the low crystallinity of the pore walls, as evidenced by the 
wide-angle XRD pattern as well. The element mapping and energy-dispersive X-ray (EDX) spectrum 
in Figure 5.4 distinctly indicate the homogeneous distribution of Mn, P, C, and O throughout the 
whole region of the species. By comparison, the TEM images in Figure 5.5 reveal no observable 
mesopores for B-MnP52, which validates the pivotal role of CTAB in the formation of mesostructure. 
The architectural porosity of the M-MnP52 sample was further characterized by N2 
adsorption-desorption isotherms (Figure 5.6). The calculated Brunauer-Emmett-Teller (BET) surface 
area of the M-MnP52 sample is about 90 m
2
 g
-1
, around two times that of the B-MnP52 sample (43 
m
2
 g
-1
). The pore size distribution of M-MnP52 acquired by the NLDFT model presents a narrow 
sharp peak in the range of 3 – 5 nm, roughly in line with the TEM result.  
 
 
Figure 5.6 N2 adsorption-desorption isotherms of M-MnP52 and B-MnP52. (inset: pore size 
distribution curve of M-MnP52) Reproduced with permission.
73
 Copyright 2017, The Royal Society 
of Chemistry.  
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Figure 5.7 FT-IR spectra of (a) MnP samples (as-pre M-MnP52, M-MnP52). (b) Comparison of free 
phosphonic acid (HEDP) and M-MnP52. Reproduced with permission.
73
 Copyright 2017, The Royal 
Society of Chemistry.  
 
The bonding and framework structure of the MnP samples were investigated by Fourier 
transform infrared (FT-IR) spectroscopy. The FT-IR spectra of the as-prepared (as-pre M-MnP52) 
and extracted (M-MnP52) samples between 4000 and 500 cm
-1
 are shown in Figure 5.7a. The huge 
broad band with its maximum at 3400 cm
-1
 and the small band at 1640 cm
-1
 in both spectra can be 
explained by surface-adsorbed water and hydroxyl groups, respectively.
32
 The two pronounced bands 
centered at 2851 cm
-1
 and 2921 cm
-1
, which can be observed in the as-prepared sample, mostly 
originate from the C-H stretching vibration in CTAB
30, 31
 and have almost vanished in the spectrum 
for the extracted sample. Meanwhile, the bands at around 1384 cm
-1
 and 1450 cm
-1
, corresponding to 
the C-O and P-C stretching vibrations from the phosphonate groups, respectively,
33, 34
 have been well 
preserved after extraction. From these, it can be concluded that acetone extraction could be a suitable 
and effective way to remove the template and maintain the integrity of the phosphonate components 
in the hybrid framework. The band located at around 560 – 580 cm-1 can be attributed to the 
stretching vibration of Mn-O bonds.
35
 For better understanding of the framework structure, I have 
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compared the FT-IR spectrum of M-MnP52 with that of free HEDP in Figure 5.7b. It can be clearly 
seen that HEDP shows two characteristic bands (996 cm
-1
 and 917 cm
-1
) associated with P-OH 
stretching vibrations from the phosphonic groups. Upon the formation of manganese phosphonate, a 
distinct position shift can be seen for these two adsorption bands (993 cm
-1
 and 953 cm
-1
), and a new 
band has appeared in the region of 1040-1080 cm
-1
, positively confirming the formation of 
characteristic P-O-Mn bonds.
36
 It is also noteworthy that the P=O band (1180 cm
-1
) remains almost 
unchanged, which may be evidence that the oxygen atom of the P=O bond is not involved in the 
coordination with manganese atoms in M-MnP52.
36, 37
  
The surface compositions and chemical states of the elements in the MnP samples were further 
investigated by X-ray photoelectron spectroscopy (XPS). The survey spectra (Figure 5.8a) distinctly 
reveal the presence of Mn, P, O, and C in both samples. The high-resolution XPS spectrum of Mn 2p 
is presented in Figure 5.8b. In this chapter, the binding energy associated with Mn 2p3/2 is 641.8 and 
641.5 eV for M-MnP52 and B-MnP52, respectively, indicating the presence of divalent manganese. 
Also, the presence of a satellite peak at ~ 646 eV is also widely recognized as characteristic of Mn
2+
 
species.
38-40
 The distinct positive shift of Mn 2p peak of M-MnP52 indicates the presence of more 
defective Mn species in the surface of the mesoporous MnP sample compared to its corresponding 
bulk counterpart. Due to the increase of porosity and high surface area, it is expected that surface 
oxidation is much more easily to happen on the surface of M-MnP52. The peaks at 133.0 and 132.8 
eV for M-MnP52 and B-MnP52, respectively, is due to the P 2p energy level and can be ascribed to 
the pentavalent tetra-bonded phosphorous in the phosphonate material.  
The elemental compositions of Mn and P in the MnP samples have been determined by 
inductively coupled plasma − optical emission spectrometry (ICP-OES) analysis. The results 
obtained provide an average Mn/P ratio of 2:1 in the M-MnP52 sample. Together with the FT-IR 
analysis, the ICP-OES data could give some clue to the plausible coordination mode between the 
phosphonic and manganese moieties, as illustrated in Figure 5.9. It has been well established that, in 
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terms of surfactant-mediated synthesis of mesoporous materials, the assembly process is mainly 
governed by the matching of charge density at the surfactant/precursor interface.
19, 20
 In this chapter, 
the MnP precursor, acting as a building unit, is supposed to be negatively charged, due to the very 
common presence of P-O
-
 and/or Mn-O
-
. Therefore, the positively charged head group CTA
+
 of the 
CTAB template can be potentially balanced by: 1) P-O
-
; 2) Mn-O
-
; or 3) both. For the preparation of 
M-MnP52, I have employed the starting compositional ratio (CTAB/Mn(NO3)2/HEDP) of 1:5:1, 
which corresponds to the initial Mn/P ratio of 5:2. In this case, the manganese ions are sufficient to 
completely coordinate with all the P-O
- 
fragments in HEDP to form the characteristic P-O-Mn bonds 
(as supported by the FT-IR and ICP data), ruling out the possibility of charge neutralization of CTA
+
 
by free P-O
-
. In the synthetic process, TMAOH has been used to adjust the pH value of the reaction 
medium, which promotes the formation of Mn-O
-
 on the hybrid framework. Consequently, the 
Mn-O
- 
would neutralize the cationic portions of micelles, and thus, the assembly process for the 
fabrication of mesostructure can be guaranteed.  
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Figure 5.8 XPS spectra of M-MnP52 and B-MnP52: (a) survey spectra; (b) Mn 2p spectra; and (c) P 
2p spectra. The satellite peaks are indicated by *. Reproduced with permission.
73
 Copyright 2017, 
The Royal Society of Chemistry.  
 
 
Figure 5.9 Proposed connection mode between phosphonic linkages and manganese moieties for 
M-MnP52. Reproduced with permission.
73
 Copyright 2017, The Royal Society of Chemistry.  
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Figure 5.10 TGA curves of MnP samples before (as-pre M-MnP52) and after (M-MnP52) acetone 
extraction. Reproduced with permission.
73
 Copyright 2017, The Royal Society of Chemistry.  
 
The thermal behavior of the MnP samples has been characterized by thermogravimetric analysis 
(TGA) before and after template extraction (Figure 5.10). For both samples, the initial weight loss 
stage from room temperature to 200°C is caused by the liberation of physically adsorbed or 
intercalated water molecules. In the case of as pre M-MnP52, the weight loss between 200 and 
325°C is as great as 35.3 wt%, basically due to the decomposition of the remaining CTAB template, 
while for M-MnP52, the weight loss in the same region drops to 5.5 wt%, suggesting that most of the 
CTAB residue has been removed by acetone treatment, which has been corroborated by the FT-IR 
analysis as well. The last weight loss in the range of 500-600°C should be credited to the 
decomposition of phosphonate groups in the hybrid framework. Thus the mesoporous MnP materials 
(M-MnP52) have fairly high thermal stability, owing to their stable P-C and P-O-Mn bonds in the 
framework.  
Based on the above results, I have demonstrated a successful synthesis of thermally stable 
mesoporous manganese phosphonate via the aforementioned method, but the desired 
periodic/ordered mesostructure is still not attainable under the present synthetic conditions.  
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5.3.2 Investigation of Synthetic Parameters for Mesoporous MnP 
Hence, several more attempts have been made to optimize the reaction conditions (i.e., Mn/P ratio, 
pH, and aging time), aiming for increasing the amount of mesostructure within the MnP materials 
(Table 5.1). Firstly, the starting Mn/P ratio was decreased to different levels (i.e., 4:2, 3:2, 2:2, 1:2), 
with the aim of increasing the amount of free P-OH after coordination with manganese moieties. In 
this case, there should be more negatively charged P-O
-
 generated in the reaction medium, which 
may also contribute to the charge balance with the CTA
+
 apart from Mn-O
-
. From the low-angle 
XRD patterns in Figure 5.11a, however, no observable diffraction peaks indicative of mesostructural 
regularity can be found. Then, keeping the Mn/P ratio of 1:2, I tried to increase the pH value of the 
synthetic medium to a higher level (i.e., pH = 10), so that P-O
-
 can form much more easily. 
Excitingly, the obtained MnP sample (pH = 10) shows a well-defined peak at 2 = 2.13° (lattice 
spacing, d100 = 4.15 nm) along with a broad peak at 2 = 4 – 5° in the low-angle XRD pattern 
(Figure 5.11b), which can be assigned to the (100) and (200) reflections of mesostructure. 
Nonetheless, the broadening of the higher order peak indicates that the mesostructure is 
defectively/poorly ordered. Therefore, I have extended the aging time to 48 hours to allow more time 
for the development of periodic mesostructure. As can be clearly seen from Figure 5.11c, with 
increasing aging time, the relative intensity of the (100) peak (2 = 2.15°, d100 = 4.11 nm) shows a 
significant increase, and the shape of the (200) peak (2 = 4.57°) has become more defined. In the 
meantime, a weak peak has appeared at 2 = 3.38°, which can be indexed to the (110) reflection of 
hexagonal mesophase. All these changes in the low-angle XRD pattern have demonstrated the 
evident improvement of mesostructural ordering after extension of the aging process. This is, to the 
best of my knowledge, the first example of manganese phosphonate with mesostructure, showing 
such well-defined low-angle reflections.  
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Table 5.1. Different synthetic conditions for the synthesis of various MnP materials. Reproduced 
with permission.
73
 Copyright 2017, The Royal Society of Chemistry.  
Entry CTAB (mmol) Mn(NO3)2 (mmol) HEDP (mmol) CTAB/Mn/P ratio pH Aging time (h) 
1 1 4 1 1/4/2 7 36 
2 1 3 1 1/3/2 7 36 
3 1 2 1 1/2/2 7 36 
4 1 1 1 1/1/2 7 36 
5 1 1 1 1/1/2 10 36 
6 1 1 1 1/1/2 10 48 
 
 
 
Figure 5.11 Low-angle XRD patterns of MnP samples prepared under different synthetic conditions: 
(a) Mn/P ratios of 1:2 to 4:2 at pH ~ 7, with aging time of 36 h; (b) Mn/P ratio of 1:2 at different pH, 
with aging time of 36 h; and (c) Mn/P ratio of 1:2 at pH ~ 10, with aging time of 36 and 48 h. 
Reproduced with permission.
73
 Copyright 2017, The Royal Society of Chemistry.  
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Figure 5.12 (a) Low-angle and (b) wide-angle XRD patterns of as-pre M-MnP12 and M-MnP12. 
Reproduced with permission.
73
 Copyright 2017, The Royal Society of Chemistry.  
 
 
Figure 5.13 TEM images of M-MnP12 showing clearly visible mesostructure. Reproduced with 
permission.
73
 Copyright 2017, The Royal Society of Chemistry.  
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For the sake of clarity, the as-prepared MnP sample under the optimum conditions (pH = 10; 
aging time 48 hours), hereafter, is abbreviated as „as-pre M-MnP12‟. The extracted sample after 
acetone treatment is referred to as „M-MnP12‟. Figure 5.12a shows a comparison of the low-angle 
XRD patterns of as-pre M-MnP12 and M-MnP12. After extraction, the main characteristic peak (2 
= 2.29°, d100 = 3.85 nm) is still clearly visible in M-MnP12, manifesting that the parental 
mesostructure is well preserved. Wide-angle XRD of the materials proves the amorphous nature of 
the pore wall (Figure 5.12b). The typical TEM images in Figure 5.13 provide a direct view of the 
obvious mesostructure within the M-MnP12 sample. The average pore-to-pore distance is measured 
to be 4.39 nm, which coincides well with the value calculated from the low-angle XRD data (d100 
(3.85 nm) × 2/√3 = 4.44 nm).  
 
 
Figure 5.14 SEM images of MnP samples prepared at pH = 7 with aging time of 36 h, maintaining 
different Mn/P ratios: (a) 4:2; (b) 3:2; (c) 2:2; (d) 1:2. Reproduced with permission.
74
 Copyright 2018, 
American Chemical Society.  
 
Beyond that, as the initial ratio of Mn/P dropped to lower levels (i.e., 4:2, 3:2, 2:2, and 1:2), the 
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morphology of the MnP sample was transformed from nanorods into nanoplatelets (Figure 5.14), 
which might be due to the change of preferred crystal growth orientation. Decreasing the Mn/P ratio 
is expected to impart a more negative charge in the phosphonate frameworks. Based on this fact, 
addition of positively charged CTA
+
 is required to balance the charge across the interface of 
micelles/precursor. In the case of MnP prepared with Mn/P = 1:2 (i.e., lowest Mn/P ratio), a 
considerable amount of CTAB (~30 wt%) still remained after extraction according to the weight 
losses between 200 and 325°C in the TGA curves (Figure 5.15). In addition to this, all the MnP 
samples prepared with different Mn/P ratios have been examined by nitrogen adsorption-desorption 
measurements (Figure 5.16). The M-MnP52 (i.e., highest Mn/P ratio of 5:2) sample exhibited largest 
surface area, presumably due to the presence of minimum residual CTAB in the framework.  
The FT-IR spectra of the M-MnP12 samples were studied to determine the possible bonding and 
interactions between the inorganic precursors and the CTAB template in the hybrid framework. The 
two sharp bands at 2920 cm
-1
 and 2850 cm
-1
, however, still remain clearly observable for M-MnP12, 
suggesting that a certain amount of CTAB resides remained even after acetone extraction. From a 
comparison with the spectrum of HEDP (nascent phosphonic acid) (Figure 5.17), I confirm the 
presence of free P=O and uncoordinated P-OH in the skeleton of M-MnP12.  
 
 
Figure 5.15 TGA curves of as-pre M-MnP12 and M-MnP12. Reproduced with permission.
73
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Copyright 2017, The Royal Society of Chemistry.  
 
 
Figure 5.16 Comparison of (a) N2 adsorption-desorption isotherms and (b) surface areas of the MnP 
samples prepared with different Mn/P ratios (i.e., 5:2, 4:2, 3:2, 2:2, and 1:2) at pH = 7 with aging 
time of 36 h. Reproduced with permission.
74
 Copyright 2018, American Chemical Society.  
 
 
Figure 5.17 Comparative FT-IR spectra of (a) as-pre M-MnP12 with M-MnP12, and (b) M-MnP12 
with free phosphonic acid (HEDP), respectively. Reproduced with permission.
73
 Copyright 2017, 
The Royal Society of Chemistry.  
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Figure 5.18 Proposed connection mode between phosphonic linkages and manganese moieties for 
M-MnP12. Reproduced with permission.
73
 Copyright 2017, The Royal Society of Chemistry.  
 
The average Mn/P ratio of the M-MnP12 samples is measured to be 5:4 by the ICP-OES 
technique, which is different from that of M-MnP52. Accordingly, I have proposed another 
conceivable binding pattern for M-MnP12 between the phosphonic and manganese moieties, as 
illustrated in Figure 5.18. For the preparation of M-MnP12, the starting material ratio 
(CTAB/Mn(NO3)2/HEDP) is 1:1:1, which is equivalent to the initial Mn/P ratio of 1:2. Due to the 
lesser amount of manganese ions (compared to M-MnP52) in the synthetic medium, some of the 
P-OH fragments in HEDP can be set free from the coordination with manganese (as confirmed by 
FT-IR). In this case, the positive charge of the CTAB micelles can be collaboratively balanced by 
both Mn-O
-
 and P-O
-
, which favors the maintenance of solid electrostatic interaction at the 
micelle/precursor interface and ultimately leads to the formation of mesostructure.  
Although the less-ordered mesostructured MnP can be realized by varying the synthetic 
parameters, I cannot completely remove CTAB template from the final materials (M-MnP12) at this 
stage. The presence of CTAB template could have negative effect on the electrochemical process. So 
the mesoporous manganese phosphonate nanorods (M-MnP52, containing only ~ 5 wt% of CTAB), 
have been selected as electrode material for targeted energy storage applications.  
 
5.3.3. Supercapacitor Application  
Mesoporous materials are offering opportunities for energy storage and conversion application, 
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particularly as pseudocapacitors, due to the rapid and easy access to redox sites arising from the high 
surface area, nanoscale dimensions, and interconnected porous structure.
41-45
 The mesoporous metal 
phosphonates reported here also have desirable pseudocapacitive performance owing to their suitable 
mesostructure, although the exploration of their applicability in energy storage devices is still in the 
fledgling stage.
15, 17, 46, 47
 In this chapter, the electrochemical performance of M-MnP52 sample and 
its bulk counterpart (B-MnP52), have been evaluated as electrode materials for supercapacitors.  
 
 
Figure 5.19 Cyclic voltammograms of (a) M-MnP52 and (b) B-MnP52 in the voltage range of -0.3 – 
0.5 V at scan rates of 5, 20, 40, 60, 80, and 100 mV s
-1
. (c) Specific capacitance of M-MnP52 and 
B-MnP52 at various rates. (d) Nyquist plots of M-MnP52 and B-MnP52 at open-circuit potential 
(inset: partial enlarged view). Reproduced with permission.
73
 Copyright 2017, The Royal Society of 
Chemistry.  
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Cyclic voltammetry (CV) tests were conducted on mesoporous MnP (M-MnP52) and its bulk 
counterpart (B-MnP52) using a three-electrode configuration in 3 M KOH aqueous electrolyte at 
room temperature. Figure 5.19a-b shows the cyclic voltammograms of M-MnP52 and B-MnP52 in 
the range from -0.3 V to 0.5 V at various scan rates from 5 to 100 mV s
-1
. Unlike the 
quasi-rectangular CV curve proportional to scan rate that is characteristic of double layer capacitance, 
both MnP samples exhibit significantly broadened peak-shaped CV responses that correspond to 
pseudocapacitive behavior.
48
 The pronounced redox peaks in the potential of -0.062/-0.300 V vs. 
Ag/AgCl is due to the Faradic redox reaction of Mn as explained from the Pour-baix diagram.
49
 The 
observed redox peaks of MnP samples in KOH electrolyte should be mainly assigned to the electron 
transfer between Mn
2+
 and Mn
3+
 ions.
50
 Furthermore, some weak redox peaks appear in the higher 
potential range of the CV curves, which might be credited to surface defective manganese species 
that may introduce more possible redox reactions.  
Figure 5.19c compares the specific capacitances of the MnP samples calculated from the CV 
data at different scan rates. As expected, the capacitance values of M-MnP52 far surpass those of 
B-MnP52 at each rate. In the case of M-MnP52, the specific capacitances are 269, 236, 218, 210, and 
207 F g
-1
 at 5, 20, 40, 60, and 80 mV s
-1
, respectively. Even at a relatively high rate of 100 mV s
-1
, 
the capacitance value of M-MnP52 can still achieve 211 F g
-1
, showing pretty decent capacitance 
retention (78.5%). The corresponding capacitance values for B-MnP52, by contrast, are 219, 124, 96, 
83, 75, and 69 F g
-1
 at same rates. Therefore, M-MnP52 exhibits much higher specific capacitance 
and better rate capability, both of which are indispensable for high-performance supercapacitors.  
For more accurate study, galvanostatic charge–discharge measurements were also performed for 
M-MnP52 and B-MnP52 at different current densities (0.5 to 20 A g
-1
) using the same electrode–
electrolyte configuration in the range from -0.3 to 0.5 V (Figure 5.20a-b). The nonlinear discharge 
curves with plateau feature indicate that the charge is stored in electrodes based on redox reactions, 
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revealing the pseudocapacitive nature of the MnP materials.
46,50
 The calculated specific capacitances 
of M-MnP52 electrode are 299, 252, 243, 199, 181, 174, 164 and 139 F g
-1
 at 0.5, 1, 2, 4, 6, 8, 10 and 
20 A g
-1
, respectively. While for B-MnP52 electrode, as expected, the capacitance value is much 
lower than that of M-MnP52 at each rate (141, 130, 116, 95, 87, 79, 63 and 55 F g
-1
, respectively). 
The capacitive performance of the mesoporous MnP is comparable to the previous reported 
manganese phosphate under similar test conditions (Table 5.2). Although organic groups could have 
some negative effect on the electrical conductivity of manganese phosphonate material, the 
uniformly distributed organic parts help to maintain porous architectures so that a large amount of 
electrolyte ions can easily and rapidly get access to the active redox sites of the electrode, which 
eventually enhance the charge storage ability.  
 
 
Figure 5.20 The galvanostatic discharge curves of (a) M-MnP52 and (b) B-MnP52 at various current 
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densities, and (c) their cycling stability. Reproduced with permission.
73
 Copyright 2017, The Royal 
Society of Chemistry. 
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Table 5.2 Comparison of capacitive performance with previously reported phosphate materials. Reproduced with permission.
73
 Copyright 2017, 
The Royal Society of Chemistry.  
Sample 
Potential window  
(V) 
Electrolyte 
Scan rate  
(mV s
-1
) 
Current density  
(mA cm
-2
) 
Capacitance  
(F g
-1
) 
Retention
a
 
(%) 
Retention 
calculation range  
(A g
-1
) 
Ref. 
NaMnPO4 -0.6 - 0.4 1 M NaOH 2 - 219 46 2-10 50 
M-MnP52 -0.3 - 0.5 3 M KOH 5 - 269 67.5 2-10 This chapter 
NaMnPO4 -0.6 - 0.4 1 M NaOH - 2 163 - - 50 
M-MnP52 -0.3 - 0.5 3 M KOH - 2 243 - - This chapter 
Mn3(PO4)2/graphene  
composite 
0.0-0.4 V 6 M KOH - 0.5 270 - - 51 
M-MnP52 -0.3 - 0.5 3 M KOH - 0.5 299 - - This chapter 
Mn3(PO4)2 nanosheets -0.3 - 0.5 2 M KOH - - - 40-44.5 0.5-5 52 
M-MnP52 -0.3 - 0.5 3 M KOH - - - 60.5 0.5-6 This chapter 
a 
The retention is calculated by changing the applied current density (A g
-1
). 
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To evaluate the electrochemical stability of the electrode material, long-term cycling test was 
conducted at a scan rate of 100 mV s
-1
 for 1000 cycles (Figure 5.20c). In the case of B-MnP52, the 
specific capacitance decreases dramatically upon first 100 cycles, and it remains only about 30% of 
its initial value at the 1000
th
 cycle. However, for M-MnP52, the specific capacitance exhibits much 
higher stability in the initial cycles, and finally it can retain more than 57% of its initial value.  
For a better understanding of the electrochemical behavior of the MnP samples in 
supercapacitors, electrochemical impedance spectroscopy (EIS) measurements were carried out at 
open-circuit potential at room temperature. Figure 5.19d shows the typical Nyquist plots of 
M-MnP52 and B-MnP52. A compressed semicircle can be observed in the high-to-medium 
frequency region, which is associated with the charge-transfer resistance (Rct).
53-56
 Judging from the 
diameter of the semicircle, it can be roughly estimated that the Rct of M-MnP52 is lower than that of 
B-MnP52. In the low frequency area, a slanted straight line related to the ion diffusion process
55,56
 is 
shown for both M-MnP52 and B-MnP52. In terms of an ideal capacitor, theoretically, a vertical line 
should be presented in the low-frequency region of its Nyquist plot. The deviation from a vertical 
line to phase angles below 90° is believed to be indicative of pseudocapacitive behavior.
53, 54 
Furthermore, the steeper low-frequency tail of M-MnP52 reveals its much lower diffusion resistance, 
which favors the rapid diffusion of electrolyte ions to the redox sites in the active materials.
46, 57
  
The superior pseudocapacitive performance of M-MnP52 should be credited to its exquisite 
mesoporous architecture with nanorod morphology. The mesoporous hybrid framework will offer a 
high infiltration capacity for electrolyte and hence facilitate the transport of sufficient ions/solvent to 
the abundant active sites, which will greatly enhance the pseudocapacitive energy storage. More 
importantly, the mesoporous structure and nanoscale dimensions will cooperatively provide short and 
easy pathways for both electron transfer and ion diffusion (as evidenced by EIS analysis), and thus 
promote a rapid faradic response, which can ensure superb rate performance.  
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5.3.4. LIBs Application 
Inspired by the numerous benefits of mesoporous structure and the successful trial of manganese 
phosphonate for supercapacitors, herein I made a further attempt to use mesoporous MnP as LIB 
anode.  
The initial charge-discharge profiles of the M-MnP52 electrode shown in Figure 5.21a were 
acquired at 72 mA g
-1
 in the voltage window of 0.01-2.00 V (vs. Li/Li
+
). A distinct discharge plateau 
at around 0.4 V can be found upon the first discharge process, which could be credited to the 
characteristic lithiation process within manganese phosphonates. The first discharge capacity of the 
M-MnP52 electrode reaches up to 1117 mAh g
-1
, however, the subsequent charge capacity 
immediately comes down to 404 mAh g
-1
, indicating relatively low coulombic efficiency of 36.2%. 
The irreversible consumption of lithium is most likely due to the solid electrolyte interface (SEI) 
formation, especially in the case of mesoporous MnP material with large void space. The SEI layers, 
in turn, prevent the electrode surface from unfavorable side reactions over subsequent cycles.  
To find some clue to the possible electrochemical reaction mechanism, the differential capacity 
plots of the M-MnP52 electrode for the initial two cycles are given in Figure 5.22. In the first 
discharge process, the pronounced reduction peak at ~ 0.4 V is most likely due to the SEI formation 
and other unexpected side reactions as mentioned above. The absence of this peak in the second 
cycle is actually the evidence of the protective effect of the SEI on the electrode surface. Additionally, 
a distinct oxidation peak at ~ 0.97 V can be observed in the first charge process, however, the 
corresponding reduction peak (~ 0.68 V) in the first discharge process is not so clearly visible due to 
being overshadowed by its adjacent sharp peak (~ 0.4 V). This pair of redox peaks is well preserved 
in the subsequent cycle (0.86V/1.1V), while the peak positions have some positive shift that maybe 
caused by the formation of defective particles.
58
 As shown by XPS analysis, the only Mn species in 
the pristine MnP sample are Mn(II). Based on a previous report describing Mn(II)-based 
coordination polymer,
59
 it is reasonably to infer that the reversible redox peaks obtained in the 
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as-obtained M-MnP52 sample might come from the electron transfer reaction between the 
Mn(II)/Mn pair.  
 
 
Figure 5.21 (a) First-cycle charge-discharge profiles of M-MnP52 anode at 72 mA g
-1
; (b) Cycling 
performance of M-MnP52 anode at 144 mA g
-1
 in the range of 0.01 - 2.00 V (vs. Li/Li
+
); (c) Rate 
capability of M-MnP52 anode at different current densities; (d) Charge-discharge curves of 
M-MnP52 anode acquired at each rate. Reproduced with permission.
74
 Copyright 2018, American 
Chemical Society.  
 
To evaluate the durability of the MnP sample, long cycling tests were performed at a current 
density of 144 mA g
-1
 (Figure 5.21b). The M-MnP52 electrode delivers a reversible capacity of 420 
mAh g
-1
 with modest coulombic efficiency of 68.7% for the first cycle. The capacity remained above 
80% during the first 20 cycles. Even at the 100
th
 cycle, the M-MnP52 material retained a reversible 
capacity of 253 mAh g
-1
, representing decent retention of 60%. In addition, the coulombic efficiency 
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has seen a rapid increase in the early stage and then stayed around 100 % in the following cycles, 
suggesting that the electrolyte/electrode system is remarkably stable during cycling. For comparison, 
I have conducted cycling test on the bulk MnP sample (Figure 5.23). As expected, the bulk electrode 
delivered much lower capacities than the mesoporous one throughout the cycling. More noticeably, it 
suffered a much faster capacity fading (32%) over the first 20 cycles.  
 
 
Figure 5.22 The differential capacity plots of the M-MnP52 electrode for the 1
st
 and 2
nd
 cycle. 
Reproduced with permission.
74
 Copyright 2018, American Chemical Society.  
 
 
Figure 5.23 A comparison of the cycling performances at a current density of 144 mA g
-1
 for 
M-MnP52 (red) versus B-MnP-52 (blue). Reproduced with permission.
74
 Copyright 2018, American 
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Chemical Society.  
 
The rate capability of the M-MnP52 electrode is shown in Figure 5.21c. As the current densities 
increase, the reversible capacity of the M-MnP52 M-MnP52electrode decays gradually from 382 
mAh g
-1
 at 144 mA g
-1
 to 206 mAh g
-1
 at fairly high rate of 1440 mA g
-1
. More notably, an 
appreciable reversible capacity of 161 mAh g
-1
 has been maintained at a fairly high current density 
(3600 mA g
-1
). When the rate returns to 144 mA g
-1
, the M-MnP52 electrode is capable of restoring 
over 85% of initial capacity. Furthermore, the capacity values of M-MnP52 become more stable at 
higher rates, manifesting its prominent cyclic reversibility and stability under high-rate operations.  
The charge-discharge profiles of the M-MnP52 electrode at different current densities are 
presented in Figure 5.21d. With increasing rate, the characteristic lithiation/delithiation plateaus 
become less obvious but still visible, suggesting that no serious polarization has occurred. The 
obtained results reveal the remarkable cycling performance and rate capability of the mesoporous 
MnP material.  
EIS is widely acknowledged as a reliable method to diagnose the battery kinetic process (SEI, 
charge transfer, and diffusion) within LIBs systems. Figure 5.24 presents the comparative Nyquist 
plots of the M-MnP52 electrode and its bulk counterpart after initial formation cycle, both of which 
comprise two depressed semicircles and one inclined line. In this scenario, the semicircle in the high 
frequency range is generally interpreted by the film resistance (Rf) of the SEI layers.
60-62
 The 
obviously smaller diameter of the high-frequency semicircle of the M-MnP52 electrode reveals its 
lower Rf than that of the bulk one, reflecting the easier lithium migration through the SEI layers in 
the former case. The second semicircle at the medium frequency area is normally correlated to the 
interfacial charge transfer resistance (Rct).
63-65
 Likewise, judging by the size of the 
medium-frequency semicircle, the Rct of the M-MnP52 electrode is estimated to be much lower than 
that of the bulk one, which will significantly facilitate the charge transfer reaction involved in the 
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current battery system. Furthermore, the slanted tail in the low frequency range is typically linked to 
the ion diffusion behavior in the host solid-state phase.
66-68
 The steeper slope of the M-MnP52 
electrode is definitely an indication of faster lithium diffusion process, which is favorable in high rate 
charge-discharge properties.  
 
 
Figure 5.24 Nyquist plots of the M-MnP52 electrode (red) and its bulk counterpart (blue) after 
formation cycle. Reproduced with permission.
74
 Copyright 2018, American Chemical Society.  
 
Apart from carbonaceous material, studies on anode candidates for LIBs so far are primarily 
concentrated on various inorganic materials, including metal oxides, sulfides, phosphates, etc. There 
is rather limited room for the development of new purely inorganic materials, however, since very 
few metals can exhibit desirable properties and proper potential versus Li/Li
+
. Table 5.3 gives a 
rough comparison of the mesoporous MnP with several reported representative metal phosphates as 
anode material for LIBs.
69-72
 Even tested at higher rate, the electrochemical properties of the 
M-MnP52 material is considerable regarding capacity and retention. Although the organics within 
the hybrid framework might cause some adverse effect in regard to electrochemical reaction, the 
exquisite mesostructure could facilitate the reversible and stable lithiation/de lithiation of abundant 
lithium ions in/from the electrode matrix. In this context, mesoporous metal phosphonates could be a 
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promising family of electrode material for LIBs.  
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Table 5.3 Comparison of electrochemical performance with several reported typical metal phosphates as anode material for LIBs. Reproduced 
with permission.
74
 Copyright 2018, American Chemical Society.  
 
Samples 
Voltage range  
(V) 
Current density  
(mA g
-1
) 
First discharge capacity  
(mAh g
-1
) 
Cycle numbers 
Capacity retention  
(%) 
Refs. 
Vanadium phosphate 
nanoparticles 
(VPO4/C, VPO4) 
0.01 - 3.00 20 
887.3 (VPO4/C) 
548.7 (VPO4) 
30 
38.7 (VPO4/C) 
41.9 (VPO4) 
69 
Tin phosphate (Sn3(PO4)2) 
0.02 - 1.20 
20 - 30 
19 
70 
0.02 - 0.90 59 
Manganese pyrophosphate 
nanoplatelets (Mn2P2O7) 
0.01 - 3.00 50 1070 35 
28 (10
th
) 
15 (35
th
) 
71 
Iron phosphate nanoparticles 
(variscite FePO4) 
0.00 - 2.4 61 609 30 30 72 
Mesostructured manganese 
phosphonate nanorods 
0.01 - 2.00 
72 1117 - - 
This 
chapter 144 421 100 
88.6 (10
th
) 
74 (30
th
) 
71.6 (35
th
) 
60.2 (100
th
) 
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5.4 Conclusion 
Mesoporous manganese phosphonate nanorods have been prepared by a facile and repeatable 
one-pot soft-templating strategy. Due to the short/easy transport pathways for ions/electrons and 
abundant active sites derived from the mesoporosity and nanorod morphology, the mesoporous MnP 
shows desirable lithium storage capacity and pseudocapacitive performance, as well as cyclic 
stability and rate capability superior to that of its bulk counterpart prepared in the absence of 
template. Suitable control of electrostatic interactions at the surfactant micelle/hybrid precursor 
interface is essential for the formation of mesostructure. By fine-tuning the synthetic conditions (e.g., 
Mn/P ratio, pH value, and reaction time), a less-ordered mesostructure has been realized in 
manganese phosphonate for the first time. My next target is to further increase the periodicity of the 
mesostructure while minimizing the amount of residual template, and to improve the framework 
crystallinity as well. Then, I can dig deeper into the applicability of mesoporous metal phosphonate 
materials in energy storage devices.  
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Chapter 6. General Conclusions and Future Perspective  
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6.1. Overview of the Achievements  
Mesoporous materials have high surface areas and large interconnected pores that can host and 
interact with mobile ions and molecules. The pioneering discovery of mesoporous silicas in the 
1990s began a search for new methodologies that were simple, inexpensive and scalable for 
technological applications. But the insulating nature of mesoporous silica limits its utility in 
electrochemical applications. I want to expand the kinds of materials available in mesoporous 
chemistry to include materials with surface chemistries and electronic structures that are suitable for 
electrochemistry. Metal phosphorus-based materials have recently attracted a lot of interest because 
they have a rich structural chemistry in part due the variable oxidation states of both the metal and 
phosphorous components. This has yielded a variety of materials that are chemically/thermally stable 
and support high catalytic activities and protonic conductivities. The introduction of mesoporosity 
offers great opportunities in energy storage applications such as lithium ion batteries (LIBs) and 
supercapacitors because porous materials can generate high surface area electrodes that expose 
abundant active sites. The large pore volume and interconnectivity of the pores enables a high 
infiltration capacity for electrolyte that provides short and easy pathways for both electron transfer 
and ion diffusion throughout a porous electrode. Beyond that, the mesoporous nanoarchitecture can 
help mitigate the negative mechanical effects of volume expansion during the electrochemical 
process. The preparation of mesoporous materials composed of metal-phosphorus conjugates is 
challenging for various reasons. The rapid hydrolysis of precursors in the phosphonic acid medium 
and mismatch of charge density at the precursors/micelles interface has made it difficult to maintain 
ordered mesophases. In this thesis, I mainly focus on the synthesis of phosphorus-based 
mesostructured/mesoporous materials with a soft-templating chemical method and examine their 
properties as porous electrodes in energy storage devices such as LIBs and supercapacitors. 
 
(I) Facile Synthesis of Mesoporous Li1+xV1-xO2@C Composites as Promising Anode Materials 
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for Lithium-Ion Batteries  
Layered transition metal oxide with composition of Li1+xV1-xO2 is a promising alternative to 
commercial graphite anodes because of its high volumetric capacity and low operation potential. 
Herein, I demonstrated the synthesis of mesoporous Li1+xV1-xO2@C composites (P-LVO@C) through 
a mild and inexpensive soft-templating approach. At the beginning of the thesis, I explained the basic 
knowledge of constructing mesoporous materials via the exploratory synthesis of mesoporous 
P-LVO@C. Inorganic precursors could be assembled on the surfaces polyethylene oxide (-PEO) 
subunits of P123 micelles in solution. Carbonization of the material caused the self-assembled P123 
micelles to form a porous conductive carbon framework. Due to the favorable composition of 
Li1+xV1-xO2 (x ≥ 0.03), as well as mesoporous architecture and well-integrated conductive framework, 
the P-LVO@C composite electrode exhibited a remarkable cycling performance with high reversible 
capacity and rate capability. This chapter validated the feasibility of the soft-templating synthesis for 
generating mesoporous Li1+xV1-xO2 electrodes, and provided a lot of insight that I used to pursue 
phosphorus-based mesoporous materials as synthetic targets for energy storage applications. (Shown 
in Chapter 2)  
 
(II) Two-Dimensional Mesoporous Vanadium Phosphate Nanosheets through Liquid Crystal 
Templating Method toward Supercapacitor Application  
As a typical metal phosphate, bulk VOPO4 is frequently studied as electrode in LIBs. The utilization 
of VOPO4 in other energy storage devices, such as supercapacitors, is rarely explored and the current 
knowledge in terms of supercapacitive performance and charge storage mechanism of VOPO4 is 
rather limited. Here I extended the above P123-based soft-templating method to synthesize 
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mesoporous vanadium phosphate (VOPO4) nanosheets. I synthesized mesoporous VOPO4 by using 
liquid crystals as soft template for the first time and examined its performance in supercapacitors. 
Mesoporous VOPO4 nanosheets with crystalline framework were obtained upon P123 removal 
although the material was slightly disordered. Electrochemical tests demonstrated the superior 
pseudocapacitive performance of mesoporous VOPO4 nanosheets, and the electrochemical 
impedance spectroscopy (EIS) analysis confirmed that that the mesoporous architecture enhanced 
charge transfer and ion diffusion in VOPO4 compared to its bulk counterpart. Perhaps most notably, 
ex-situ X-ray photoelectron spectroscopy (XPS) measurements at different discharged states showed 
that VOPO4 charge storage was based on reversible two-step redox reactions between V(V) and 
V(III). This chapter verified the applicability of the soft-templating approach to the synthesis of the 
mesoporous VOPO4, and inspired me to extend this method to other phosphorus-based materials that 
are relevant in energy storage research community. (Shown in Chapter 3)  
 
(III) Highly Ordered Mesostructured Vanadium Phosphonate toward Electrode Materials for 
Lithium-Ion Batteries  
Metal phosphonates are holding a particularly important position in phosphorus-based materials 
owing to their unique hybrid framework. By proper selection of metal elements and phosphonic 
linkers, a variety of multifunctional metal phosphonates can be realized. Here I prepared highly 
ordered mesostructured vanadium phosphonate (VP) by using cationic surfactant 
cetyltrimethylammonium bromide (CTAB) as a soft-template. For the successful synthesis of ordered 
mesostructured VP, the suitable charge balance between positively charged head group of CTAB and 
the negatively charged phosphonate precursors was proven to be very essential. Meanwhile, the 
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choice of metal-ion precursors was critical in determining the ordering of the mesostructure. Since 
phosphonate linkers easily form robust solids by interacting with positively charged metal ions, the 
metal-ion source was changed to the corresponding oxoanion (metavanadate) to reduce the reaction 
rate. The counter cations (NH4
+
 or Na
+
) of the metavanadate precursors also played a crucial role in 
stabilizing the ordered mesoporous structure. By virtue of several advantages such as large contact 
area with electrolyte, high structural stability, and short transport paths for lithium ions, the resulting 
VP materials with highly ordered structures could be of great potential in high-performance electrode 
materials in LIBs. I strongly believe that this synthetic strategy will open up a new route for the 
preparation of diverse metal phosphonate materials via the available phosphonic acid linkers and 
metal precursors, and optimizing the synthetic conditions to achieve versatile micro/mesostructural 
multiplicity and morphological diversity, thus increasing the energy storage capacity of the materials. 
(Shown in Chapter 4)  
 
(IV) Synthesis of Mesostructured/Mesoporous Manganese Phosphonates and Their Promising 
Energy Storage Applications  
In this chapter, I further developed the strategy of Chapter 4 to the synthesis of 
mesoporous/mesostructured manganese phosphonate (MnP) by changing the phosphoric acid linkage 
and metal source, as well as synthetic parameters. Mesoporous/mesostructured MnP materials with 
control of the mesoscopic periodicity and macroscopic morphology were successfully prepared. 
Firstly, I prepared the mesostructured MnP from a precursor solution maintaining the Mn/P ratio of 
5:2 and pH = 7. In this case, the cationic portion of CTAB micelles is proved to be neutralized by the 
Mn-O
-
. In order to increase the mesostructural ordering of the MnP, I fine-tuned the synthetic 
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parameters (i.e., Mn/P ratio, pH, and aging time). With the Mn/P ratio of 1:2, pH = 10, and aging 
time of 48h, the as-prepared MnP presented well-defined reflections that was assignable to 
hexagonal mesophase in the low-angle X-ray diffraction (XRD) pattern. This was, to the best of my 
knowledge, the first example of ordered mesostructured manganese phosphonate. In this case, the 
positive charge of the CTAB micelles were cooperatively balanced by both Mn-O
-
 and P-O
-
, which 
favors the maintenance of solid electrostatic interaction at the micelle/precursor interface and 
ultimately leads to the formation of ordered mesostructure. However, the remaining CTAB template 
could not be fully removed at the current stage. In addition to that, as the starting Mn/P ratio dropped 
to lower levels (i.e., 4:2, 3:2, 2:2, and 1:2), the morphology of the obtained MnP sample was 
transformed from nanorods into nanoplatelets, which might be due to the change of preferred crystal 
growth orientation. Considering that the large amount of CTAB residue could have negative effects 
on the energy storage and conversion process, the MnP sample prepared at the Mn/P ratio of 5:2 was 
selected as electrode material for the exploratory research in both LIBs and supercapacitors. Owing 
to the exquisite mesoporous architecture with nanorod morphology, the MnP material demonstrated 
great potential as a high-performance electrode candidate for both LIBs and supercapacitors. This 
chapter has provided strong support for the broad applicability of my soft-templating strategy for the 
synthesis of various metal phosphonates that will greatly increase the diversity of the current 
electrode candidates. (Shown in Chapter 5)  
 
6.2. Future Perspective  
Recently, metal phosphides, another interesting family of phosphorus-based materials, have been 
discovered as highly active non-precious electrocatalyst for many important technologies such as 
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fuel cells and water splitting. However, the commonly used template-free or hard-templating 
methods suffer from many drawbacks: high cost, complicated and time-consuming procedures, 
uncontrollable porosities, etc. Therefore, a facile and low-cost soft-templating strategy will be highly 
desirable. My first future plan will focus on facile and inexpensive synthesis of mesoporous metal 
phosphide for electrocatalysis. Here I have tentatively designed a simple synthetic route (as shown in 
Figure 6.1): mesoporous metal-containing precursor will be first prepared, followed by a 
low-temperature phosphorization.  
 
 
Figure 6.1 Drawbacks of currently reported hard-template and template-free methods for 
mesoporous metal phosphides, and a tentatively designed soft-templating synthetic route. 
 
In previous chapters, I have demonstrated the electrochemical activity of mesoporous metal 
phosphonate materials such as vanadium/manganese phosphonates in LIBs and supercapacitors. 
However, the common presence of organic groups in phosphonates usually leads to poor conductivity, 
and thereby compromising their performance in the practical energy related applications. Therefore, 
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my second future plan will focus on the specific functionalization of mesoporous metal phosphonate 
(Figure 6.2). As mentioned before, the most fascinating feature of metal phosphonates is their almost 
infinite function tunability by modulation of both metal and phosphonic constituents. By introducing 
conjugated structure (e.g., vinyl group, benzene ring) into the framework, the conductivity of the 
hybrid material can be greatly improved, and their electrochemical performance is supposed to be 
significantly enhanced.  
 
 
Figure 6.2 General conception of specific functionalization of mesoporous metal phosphonate. The 
lower left inset: an example of conjugated phosphonic acid.
1 
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